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Abstract
This thesis presents a study of the chemistry and the kinetics of the gas phase 
fluorination of high density polyethylene (HDPE) sheets. Rutherford backscattering 
spectrometry (RBS), X-ray photoelectron spectroscopy (XPS) and secondary ion mass 
spectrometry (SIMS) have been used. XPS and SIMS give complementary information 
on the surface chemistry whereas RBS allows elemental compositional/depth profiles 
to be determined, and with the aid of these techniques, the kinetics of fluorination have 
been studied.
Reaction vessels have been designed especially for the fluorination process with the 
possibility of fluorinating several samples at controlled reaction temperatures.
In order to understand the Cls XPS and SIMS spectra of the surface of the fluorinated 
HDPE samples, a database of the XPS spectra of commercial fluoropolymers has been 
established. The intensity of characteristic fragment ions in the SIMS spectra of the 
polymers has allowed a procedure to be established which enable the apparent fluorine 
concentration with the fluorinated HDPE surface to be established.
RBS results show that the fluorine diffusion in HDPE follows a Case II diffusion 
behaviour, characterised by the existence of an induction period preceding the diffusion 
front of the fluorine. The induction period corresponds to the time during which, the 
material structure changes in order to allow the fluorine to diffuse into HDPE and 
involves substantial molecular re-arrangement to accommodate the fluorine. It has 
been observed that the induction period is temperature dependent.
Abstract
XPS and SIMS results reveal that the gas phase fluorination of HDPE follows a two 
step chemical reaction. The first step corresponds to the spontaneous substitution of 
one of the two hydrogen atoms on the carbon skeleton by a fluorine atom. The second 
step involves the substitution of the second hydrogen. These two steps take place 
during the induction period in a zone described as the “latent zone” which is the 
boundary between the unfluorinated and fluorinated parts of the polyethylene. The 
latent zone must reach a critical concentration before the fluorine can diffuse deeper 
into the polymer. This critical concentration is reaction temperature dependent and 
corresponds to the degree of substitution of fluorine atoms. At 25°C and 50°C, the 
chemical structure is C2F2H2. At 70°C and 90°C, it is respectively C4F5H3 and C2F3H2. 
Extrapolation of the experimental plot of the number of fluorine atom per repeat unit 
versus reaction temperature enable the prediction to be made that at 130°C a fully 
fluoro-substituted structure (PTFE) will be obtained.
Finally, the results obtained from RBS allow a prediction of the experimental 
conditions necessary to form a fluorinated layer of HDPE with a given concentration 
and fluorine depth. This will enable the normal fluorination process to be reverse 
engineered to establish the optimum conditions for the desired physical and chemical 
properties.
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Chapter 1
Introduction
Polymeric materials are used extensively nowadays in many areas, particularly as fuel 
or chemical waste containers. A considerable number of investigations have been 
carried out on fluoropolymers. These polymers are known to have, among other 
things, excellent non-permeability and non-adhesive properties. This is mainly due to 
the fact that the fluorine atom reacts with the other atoms to form very stable 
compounds. Indeed, fluorine is the most electronegative atom in the periodic table and 
this property allows it to form very strong chemical bonds with the other elements (in 
particular with carbon). Nevertheless fluoropolymers are quite expensive materials. 
One way to lower their costs is to use cheap commodity polymers such as polyethylene 
and polypropylene and to treat their surface with fluorine. These fluorinated polymers 
thus have improved surface barrier properties such as enhanced chemical resistance or 
reduce permeability to solvent.
National Power is interested in developing a fluorinated polyethylene having similar 
surface properties to the bulk fluoropolymers in particular Polyvinylidene fluoride 
(PVdF). This present work forms part of this project. The aim of the work is to 
provide an understanding of the kinetics and chemistry of the fluorination of HDPE,
1
Chapter 1 : Introduction
that will enable a model to be developed allowing barrier layers with specific chemical 
and physical properties to be produced by adjusting process parameters, such as 
temperature, time of reaction and fluorine partial pressure. To this effect, a fluorine 
generator has been provided by National Power so that fluorinated samples can be 
produced within the research laboratory at the University of Surrey. The aim of this 
work is to characterise the surface chemical structure of gas phase fluorinated 
polyethylene and elucidate the mechanisms of fluorination. The study of the 
fluorination process under different experimental conditions such as concentration of 
fluorine gas, time and/or temperature of fluorination, is also part of the objectives.
This thesis begins with a survey on the fluorine chemistry of polymers and diffusion 
processes in polymers. An overview is then presented of the three analytical techniques 
to be used in the work (X-ray photoelectron spectroscopy, secondary ion spectrometry 
and Rutherford backscattering spectrometry) where the special features encountered 
with the analysis of polymeric materials are emphasised. A description of the fluorine 
system is given, together with details of the design of the fluorination vessel used in 
this work. Operating conditions and some preliminary results are described at this 
point. Because the fluorine has to penetrate into the polymer backbone before reacting, 
fluorine diffusion is discussed. The surface analysis of fluorine contain organic 
polymers, including fluorinated polyethylene provided by National Power and samples 
of commercial fluoropolymers, are reported. A requirement of the work is to 
understand the XPS and SIMS spectra of fluoropolymers, and to aid the 
characterisation of the “in house” fluorinated specimens, a database of the XPS and 
SIMS spectra of commercial fluoropolymers is established. Finally the surface 
chemistry and the reaction kinetics of fluorinated polyethylene are presented and a new 
mechanism for the fluorination process is proposed.
2
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Fluorination 
and Gas Phase Diffusion Processes in
Polymers
2.1. The Nature of Fluorine
Fluorine is a diatomic moiecuie (F2) which exists as a pale yellow gas at standard 
temperature and pressure (STP). The single naturally occurring isotope has an atomic 
weigh of 18.9984. It is the first halogen in the periodical table, however, many of its 
properties are not typical to the other members of this group. Fluorine was first 
identified by Scheele in 1771 and isolated by the French chemist Henri Moissan in 
1886 [1] using the method suggested and unsuccessfully tried by both Davy and 
Ampere in 1810-1812. This method consisted of the electrolysis of potassium fluoride 
in anhydrous hydrogen fluoride (KF.12HF). The achievement of isolating fluorine gas 
lead to the award to Moissan of the Nobel Price for Chemistry in 1906 [2].
2.1.1 Physical Properties
Fluorine condenses to a yellowish orange liquid at -188°C, solidifies to a yellow solid 
at -220°C and undergoes a phase transition at -228°C [3] in which it turns white. Its 
physical properties are given in Table 2.1.
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Properties Value
Melting point, (K) 53.55
Boiling Point, (K) 85.01
Critical temperature, (K) 144.15
Critical pressure (kPa) 5571
Heat of vaporisation, AHvap, at -84.71 K and 98.4 kPa, J mol"1 6544
Heat of fusion AH^s, J mol’1 510
Density of - liquid at bp, kg m"3 
- solid, kg m"3
1516
1900
Surface tension, liquid, mN m"1 at 79.89 K
80.99 K
14.81
18.85
Viscuosity, mPa.s liquid at 85.19 K
72.19 K 
solid at 273.15K, 101.3 kPa
0.257
0.414
0.0218
____*. ~ ~i o o  o 'XT'i^ lcicC uiC  Cuiisumijfc at o j . z  j v
57.39 K
1.517
1.567
Vapor pressure at 53.56 K, kPa 
72.56 K 
89.40 K
0.22
18.62
162.11
Table 2.1: Some Physical properties of Fluorine, after [3] and [4].
2.1.2 The Organic Chemistry of Fluorine
2.1.2.1 Electronic Configuration
Fluorine atom has the outer electronic configuration of outer ns2 np5 which is the 
characteristic of the halogen elements (Table 2 .2). Therefore, the fluorine atom will 
readily form compounds by gaining an electron to complete the stable rare gas electron
4
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configuration. Alternatively, two fluorine atoms combined together will share a pair of 
electrons to form a covalent bond.
Fluorine has a single valence state which is -1 and is the only halogen element which 
forms compounds not using the d orbitals as shown in Table 2.2. The other halogens 
can have higher oxidation states, +1, +3, +5, +7 using their vacant d-electron levels.
Number of 
electrons
Element Electronic configuration
9 F ls22s22p5
17 Cl ls22s22p63s23p5
35 . Br 1 s2 2s2 2p6 3 s2 3 p6 3 d10 4s2 4p5
54 I Is22s22p63s23p63d104s24p64d105s2 5p5
85 At 1 s2 2s2 2p6 3s2 3p6 3d10 4s24p64d10 4f*4 5s2 5p6 5d10 6s2 6p5
Table 2.2 : Electronic configuration of the halogen elements, after [5]
2.1.2.2 Reactivity
Elemental fluorine is highly reactive on an absolute scale. It is the most electronegative 
element in the periodic table (Table 2.4) and thus can oxidise many other elements. A 
large number of fluorine atoms, because of their small size can be geometrically 
arranged around a given atom of another element. The combination of the properties 
of high oxidation potential, small size of the atoms and a high electron affinity results 
in the formation of many fluorides in which elements show their highest oxidation 
state. Table 2.3 and Table 2.4 give some of different characteristics of fluorine, 
compared to the other halogens and oxygen.
5
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Reactions Bo (V)
H+ + e' *=* V4 H2‘ 0.00
!/2 12+ e' *=* Y 0.54
Vi 0 2+ 2 H+ 2e^—* H2O2 0.69
V2 Br2+ e* *=* Br' 1.08
y2Ch+ei=* c r 1.36
V2 F2 + e' *=* F 2.89
Table 2.3 : Standard Electrode Potential (V) at 298 K, after [5] and [6].
H O F Cl Br X
Electronegativity (Pauling Scale) 3.98 3.44 3.16 2.96 2.66 3.44
First Ionisation enthalpy at 298 K, 
Xfgr *  x+(g) + e"(g) (MJ mol'1)
1.318 1.320 1.687 1.257 1.146 1.015
Electron affinity (kJ mol'1) at 298 K
X(g) e (g) * ^  (g)
-79 -147 -334 -355 -331 -301
Dissociation energy at 298 K 
X2 —^2X‘ (kJ mol'1)
436 144 159 242 193 151
Bond Energy of C-X at 298 K 
(kJ mol'1)
414 358 485 327 285 228
Bond lengths of X-X (nm) 
(single bond)
0.074 0.148 0.142 0.199 0.228 0.267
Covalent radius (nm) 0.037 0.074 0.071 0.099 0.114 0.133
Van Der Waals radius (nm) 0.120 0.140 0.135 0.180 0.195 0.215
Ionic radius (nm), charge (-2) for 
the O, (-1) for the others.
0.208 0.140 0.133 0.181 0.196 0.220
Bond lengths of C-X (nm) 
(single bond)
0.108 0.143 0.138 0.177 0.194 0.214
Table 2.4 : Electronic properties of selected elements, after [6] and [7],
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The primary reason for the high reactivity of fluorine is the very low dissociation 
energy (157.8 kJ mol'1) of the molecule which assures the ready availability of fluorine 
atoms for reaction even at room temperature. Moreover, it is interesting to note that 
the electron affinity of fluorine is less than that of chlorine. This factor indicates that 
the repulsion between the unshared electron pair is greater for fluorine than for 
chlorine, and therefore accounts for the lower strength of the F-F bond. It becomes 
apparent that electron-pair repulsion is a very important phenomenon in fluorocarbon 
chemistry [8],
The fluorine atom, resulting from the dissociation of the F2 molecule, is an electron- 
accepting species that forms extremely stable bonds with carbon and hydrogen. 
Elemental fluorine reacts violently with organic materials in extremely exothermic 
reactions showing little selectivity [9]. This is why elemental fluorine has to be used 
diluted, and at low temperatures, for the purpose of gas phase fluorination. 
Nevertheless, some studies has been carried out in the development of in selective 
fluorination [9], [10], [11].
The F-H and F-C bonds are the strongest and the F-F bond the weakest (Table 2.5). 
When bonded to other atoms, fluorine acts as a strong electron acceptor polarising the 
bond.
Bond F-H F-C F-I F-N F-Cl F-Br F-0 F-F
Energy (kJ. mof1) 567 485 280 278 255 249 191 159
Table 2.5 : The comparison of selected binding energy of Fluorine with other elements, 
after [6],
7
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2.2. An Overview of the Fluorination Processes
A dictionary of chemistry [12] describes fluorination as “a chemical reaction in which a 
fluorine atom is introduced into a molecule”. Different techniques have been developed 
for the fluorination of organic compounds. Various methods have been developed over 
a period of fifty years. A concise review of these techniques are given in this section.
2.2.1 Halogen Exchange
The method the most widely used for introducing fluorine into organic containing 
halogen compounds is the exchange of fluorine atoms with the halogen ones. The 
fluorinating agents commonly used are the alkali fluorides (especially KF because of its 
ready availability and low cost), antimony, mercury and halogens-fluorides. HF can be 
used alone but combined with antimony halides, its reactivity is raised [3].
2.2.2 Replacement of Hydrogen
There are three methods of substitution of a hydrogen atom by fluorine of an organic 
compound :
1) Reactions of the C-H bond with elemental fluorine (direct fluorination). The 
principal disadvantages are the high exothermicity of the reaction. This involves the 
production of carbon-carbon scissions unless the heat produced in the fluorination is 
rapidly dispersed. This technique is one of the most commonly used for the fluorination 
of polymers. It has been used for this present research work and is discussed in greater 
details later (section 2.2.4).
2) Reactions of the C-H bond with a high valence state metal fluoride such as AgF2 or 
CoF3. The principle of this method is that a high oxidation state metal fluoride reacts 
with an organic compound being converted to a lower valence state and eliminating 
HF.
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The principal advantage of this method is that the heat of the formation of C-F bonds 
(192.5 kJ mol'1), is much less than for the direct fluorination (435.3 kJ mol'1). The 
yields are therefore higher and less carbon-carbon scission occurs. The reactivity of the 
metal fluorides seems to be associated with oxidation potential. Indeed AgF2 replaces 
hydrogen atoms, whereas AgF replaces halogen atoms. The reaction is accomplished 
by passing fluorine through a bed of AgCl or C0CI2 at elevated temperature to form 
the higher valence state fluorides. The organic material is then passed through the bed 
and a semicontinuous fluorination process is achieved.
3) Electrochemical fluorination in which the reaction occurs at the nickel anode of a 
cell containing a source of fluoride, often HF, with hydrogen eliminated at the cathode. 
This method is a free-radical process but does not involve the intermediate formation 
of elemental fluorine.
2.2.3 Plasma Fluorination
Plasma-fluorination techniques for generating fluorinated surfaces on conventional 
hydrocarbon polymers have been a developing area for the past fifteen years [13]. The 
two principal approaches to plasma fluorination are plasma polymerisation and plasma 
grafting [14]. When exposed to a plasma, most fluorine-containing materials 
polymerise, depositing a thin layer of plasma polymer on the substrate. The adhesion 
between the plasma polymer and the surface of the substrate is often poor because 
such plasma polymer films are highly fluorinated and thus have a low surface free 
energy (ys) acting as a release film. Chemical bonding between the deposited layer and 
the surface of the substrate does not always occur. Yagi et al [15] have suggested a 
more desirable method concerning the grafting of fluorine-containing functionalities 
directly to the polymer surface without the deposition of a plasma-polymerised film. 
To accomplish this, different types of plasmas have been examined : dilute fluorine 
plasma [16], [17], saturated fluorocarbons plasmas [14], [14], [18], [19], [20], [21], 
[22] and also sulphur hexafluoride (SF6) plasmas [14], [19] [23]. For fluorocarbon and 
SF6 plasmas, the distinction between polymerisation and grafting is not always clear.
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The ability of etching or polymerising depends on the ratio of concentrations [F]/[CFX] 
in fluorocarbons discharges [19], [24]. The detail of the different plasma processes and 
reactors have been reported in the literature [20], [25],
2.2.4 Direct Fluorination of Polymers and Others Organic 
Compounds
This technique consists of exposing the surface of the polymer to fluorine gas. Because 
of the exothermic nature of the reaction, the reagent is usually used in combination 
with a dilution gas such as nitrogen, argon or helium. There are two general types of 
direct fluorination : the static and the dynamic method [26], The static method involves 
the filling of an evacuated reaction chamber with nitrogen-diluted fluorine, typically a 
mixture of 5-10% fluorine in nitrogen is used. The reaction chamber is sealed and the 
mixture of fluorine in nitrogen can be monitored by observing the pressure reduction as 
fluorine is consumed. This method is mainly utilised in industry for the treatment of 
plastic bottles. Thousands of plastic bottles are charged in a gas-tight chamber which is 
then sealed, evacuated and back-filled with the diluted fluorine. This procedure allows 
an even exposure of interior and exterior surfaces of the bottle to the reagent. A 
variant of the static method is the technique of injection blow moulding using a fluorine 
doped “blowing-gas” which achieves simultaneous moulding and fluorination [26],
The dynamic method of direct fluorination consists of the use of an open reactor 
system with fluorination carrying out at atmospheric pressure. During the fluorination 
process, a continuous flow of reagent (mixture of fluorine/inert gas) passes trough the 
reaction chamber. Between the two methods described above, the dynamic one is 
probably the best for the deep fluorination of small mesh-sized polymer powders [26]. 
The dynamic method has been used for the fluorination experiments carried out in the 
research work presented in this thesis.
Quite a number of patents on direct fluorination of polymers have been published The 
most significant ones are briefly described below. One of the first work on direct 
fluorination of rubber and other elastomers appeared in 1938, in a period of time when
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the use of plastics had not yet become wide spread [27]. It is not surprising that 
process patents concerning the direct fluorination of polymers did not appear until 
many years later.
Kroupa registered a patent, in 1950 on the direct fluorination of several mixed perhalo 
polymers such as poly(trifluorochloro ethylene) [28]. In his patent, which was the 
earliest example of direct fluorination of polymeric materials, he described a process of 
fluorine enrichment by the substitution of fluorine for hydrogen or halogen atoms.
In 1954, Rudge patented the fluorination of hydrocarbons using tubular reactors and a 
neutral gas (such as nitrogen) for dilution [29], The samples which must have a large 
ratio of surface to volume (such as films or powders), are maintained in contact with a 
metal. This metal, inert to fluorine and hydrogen fluoride, is used as a heat sink in 
order to prevent the damage of the sample surface which would occur if the reaction 
temperature was excessive. Rudge claimed to have produced various fluorinated 
hydrocarbons by changing the analysis parameters. The fluorine content was in the 
range of 10% to 76% by weight. This last value is the theoretical figure for the 
completely fluorinated polyethylene. X-ray examination of the 1 mm thick brittle outer 
layer, obtained from the fluorination of a 4 mm polyethylene sheet, revealed a 
diffraction pattern corresponding to a polytetrafluoroethylene (PTFE) of very low 
crystallinity. This was the first successful fluorination of the surface of polyethylene. 
The fluorine was produced by the electrolysis of molten potassium fluoride in 
anhydrous acid. The technique is fully described by Rudge in his book on the 
manufacture and use of fluorine and its compounds [30].
In 1957, in the United States, Joffre developed a similar patented process [31]. The 
aim of this invention was to provide a process which would produce polyethylene 
containers and films with improved barrier properties but retaining the other desirable 
properties of polyethylene. The fluorinated samples contained from 0.03 to 3.5% by 
weight of fluorine, based upon the weight of the polyethylene. In 1960, Pinksy and his
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collaborators [32], and later in 1969 Siegart and his collaborators developed further 
processes for the fluorination of the surface of polyethylene [33].
Margrave and Lagow invented, in 1974 a technique of direct fluorination 
applicable to many types of polymeric material in various forms : polyethylene bottles, 
polypropylene objects, rubber gloves, and so on [10]. The fluorination of polyethylene 
bottles was commercialised as “Fluorokote” [10]. A few years later, they developed 
the “La-Mar” direct fluorination process [34], [35]. The main innovation in this 
technique was the consideration and control of the kinetics of the reaction, by careful 
flow control of the diluted fluorine gas. Polyethylene, polypropylene, polystyrene, 
polyacrylonitrile, polyacrylamide and ethylene-propylene copolymer have been treated 
using this method [34], The yields of perflurocarbon polymers were approaching 
100%.
In order to improve the fluorination processes, it is necessary to understand the 
mechanisms of diffusion and chemical reactions. Because the fluorine has to penetrate 
first into the polymer network before reacting, fluorine diffusion will be described and 
then the proposed reactions mechanisms will be discussed (Section 2.4).
2.3. Diffusion Processes in Polymers
2.3.1 Fundamental Laws for Isotropic Substances
Diffusion is a process which leads to an equalisation of( chemical potentials within a single 
phase [36]. The first quantitative equations of diffusion are due to Fick. In 1855, by 
analogy with Fourier’s equation for heat transfer based on random molecular process, 
he proposed a mathematical model where the rate of mass transport of a flux, F, is 
proportional to the concentration gradient in the direction of diffusion. The equation to 
describe this, is known as Fick’s first law, and its expression is given below :
12
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F -  -D — Equation 2.1
3c
where F = Diffusion flow or mass transfer, per unit area of section
D = Diffusion constant, expressed in unit area per unit time. D is
negative to indicate that the direction of the flux is down the 
concentration gradient, i.e. from high to low concentration
3te— = concentration gradient
3c
Fick’s first law concerns the steady state process in which there is the assumption that 
the concentration gradient remains constant with time. When the concentration of the 
system varies with time, Fick’s second law is applied and is equal to :
3c 3 2c— = D — y  Equation 2.2
3t 3c
A typical Fickian diffusion profile is given in Figure 2.1.
2.5
2 - -
0.5
2.50.5
x (unit o f distance)
Figure 2.1 : Typical Fickian concentration profile above a plane from which a penetrant 
is diffusing, after [37].
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2.3.2 Diffusion in Polymers
2.3.2.1 General Description
The diffusion behaviour of many polymers can not be described adequately with only a 
concentration-dependant form of Fick’s law with constant boundary conditions, 
especially when the diffusing species cause extensive swelling of the polymer [38]. This 
is particularly true for glassy polymers. One of the physical reasons for the deviation 
from Fick’s law is the time-dependency of the properties of the glassy polymer, due the 
finite rate of adjustment the polymer chains to the presence of the penetrant. Alffey et 
al [39] have distinguished three categories of diffusion based on the relative rate of 
diffusion and polymer relaxation. They are summarised in Figure 2.2 :
1) Case I or Fickian diffusion in which the rate of diffusion is much less than that of 
relaxation;
2) Case II or relaxation-balanced diffusion in which the diffusion is very fast compared 
to the relaxation processes;
3) Non-Fickian or anomalous diffusion which occurs when the diffusion and relaxation 
rates are comparable.
Case I 
Diffusion
Anomalous
Diffusion
Case II 
Diffusion
Diffusion controlled Relaxation controlled
Ktn n= V2 V2 < n < 1 n= 1
Figure 2.2 : Classification of diffusion system, according to [39]
Case I and Case II are two extreme limiting diffusion cases. They can be described in 
term of single parameter. Case I systems are controlled by the diffusion coefficient 
whereas in Case II, the parameter is the constant velocity of an advancing front which 
marks the boundary between a swollen shell and a core. Moreover, the uptake versus 
time curve follows the equation Ktn (Figure 2.2), where K and n are constants. Cases I 
and II diffusion are respectively characterised by n = V2 and 1. Non-Fickian (or
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anomalous) diffusion system lies between Case I and Case II and has been reported to 
exhibit characteristics of the two extreme cases. The exponent value n takes an 
intermediate value between V2 and 1, or changes sigmoidally from one to the other. 
Anomalous diffusion behaviour needs more than one parameter to describe the 
interacting diffusion and relaxation effects inherent in it.
2.3.2.2 Characteristic Features for Case II Diffusion in Planar Sheets
When a polymer sheet is exposed to a vapour penetrant, the weight of the polymer
increases linearly with exposure time due to absorption of this penetrant if the vapour 
pressure of the penetrant is high enough. Optical microscopy [40] and Rutherford 
backscattering spectrometry [41] reveal the presence of a sharp discontinuity in the 
polymer which separates a glassy region, where the penetrant concentration is 
negligible, from a swollen region with a high vapour penetrant. The boundary positions 
are proportional to 4 t  [38]. The formation of the front is preceded by an induction 
period, during which the penetrant concentration appears to be a smoothly decreasing 
function of distance into the sheet. Thomas and Windle [42], and Mills et al [41] 
observed that this small amount of penetrant present ahead at the front has a Fickian 
concentration profile. Immediately after the induction time, a sharp front is formed 
which advances at a constant velocity. The concentration of the penetrant behind the 
front increases' initially linearly with time until reaching its equilibrium concentration. 
Lasky et al [43] have shown that front formation is inhibited unless a critical 
concentration is reached. Case II diffusion can therefore be divided into two steps :
1) an initiation stage which includes the gradual build-up of penetrant concentration at, 
or close to, the polymer surface, the front formation and its evolution to a steady- 
state concentration profile.
2) a steady rate propagation stage.
2.3.2.3 Mathematical Models of Case II Diffusion.
Most of the early descriptions of the mathematical models of Case II diffusion have
failed to consider all the phenomena described above. In order to take into account the 
discontinuous morphological change at the front position, different parameters have
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been introduced, such as a stress-dependant coefficient [44] or a concentration 
dependant [45] coefficient. Nevertheless, none could predict the initial linear increase 
of the amount of uptake of the penetrant. In 1969, Frisch et al [46] proposed an 
alternative expression for the penetration depth :
d -  Ayft + Bt Equation 2.3
where d = depth of penetrant
A, B = constants
The first term of the sum characterises the Fickian diffusion and the other one the 
linear progression of swelling [47]. The model of Frisch and his co-workers describes 
the time dependence of the adsorption form for some systems. It does not, however, 
appear to be based on any clear physical principles [48], Peterlin [49], [50] developed 
further the interrelation of Fickian and Case II types of diffusion (Figure 2.3). He 
proposes that the sharp front is a consequence of a strong solubility parameter and the 
variation of the diffusion coefficient with the concentration of the diffusing species, but 
he recognised that the velocity of the front must be controlled by some independent 
material properties, and suggests time dependant rupture and desentanglement of 
molecular chains as possible processes. Peterlin’s formal mathematical model, based on 
the assumption of a sharp penetrant front which moves at constant velocity, cannot 
however, predict the linear kinetics which are the central aspect of Case II diffusion 
[42].
Polymer-Environment
inte iace
Penetrant Front
ca.0
n
c<L>U Fickian Regioncou Polymer r
c:
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V
<Dc<L> 0  yQ_
0 x =  Vt x
Figure 2.3 : Concentration profile for Case II diffusion as described by Peterlin [47], 
after [49],
16
Chapter 2 : Fluorination and Gas Phase Diffusion Processes in Polymers
In 1978, Astarita and Sarti [51] could explain most of the phenomena characteristic of 
Case II diffusion by taking the kinetics of the phase transformations into account. They 
used a power law to describe the swelling behaviour of the polymer which takes place 
at the moving discontinuity and assumed that the rate of swelling depends on the value 
by which much the local penetrant concentration exceeds some local threshold value.
Other studies have been performed in order to find an expression of the swelling front 
related to physical parameters. Sarti [52] based his model on the assumption that the 
rate controlling step at the advancing penetrant front is the formation of crazes in 
response to the solvent osmotic stress. The swelling front rate is proportional to the 
difference of the stress build up at the front and some critical stress, above which 
crazes are formed. The value of the stress at the front, follows a non-linear function of 
the solvent concentration at this position. This model is obviously only appropriate to 
systems in which the penetrant species is accompanied by crazing. However, it allows 
the calculations of the osmotic swelling stress for these systems, leading to the 
prediction of the constant rate of Case II front propagation [42]. Thomas and Windle 
proposed in the 1980s, a rate controlling step at the penetrant front corresponding to 
the time dependant viscoelastic deformation of the polymer (relaxation of the polymer 
chains) in response to the thermodynamic swelling (osmotic) stress [42], [53], This 
model appears to predict faithfully the essential aspects of Case II diffusion and is often 
referred to as the Thomas and Windle (TW) model. It has been used since its first 
publication, as a base for many other works. Using the TW model with their own, 
Lasky et al have obtained an expression of the velocity of the swelling front which is 
proportional to the square root of the ratio of penetrant diffusion coefficient and 
viscosity of glassy polymer [54], Hui and Wu have attempted to quantify the TW 
model [55] and to find a unique solution of its equations [56], whilst, Gall et al have 
shown that the velocity of the Case II front decreases exponentially with the number 
carbons in iodo-«-alkanes [57],
Recently, Rudolph and Peschel [58] have developed a model of Case II diffusion which 
does not take the kinetics of swelling into account. This model is based on the premise
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that an equilibrium at the interface swollen/unswollen polymer causes the well known 
moving discontinuity at the position of the swelling front.
2.3.3 Fluorine Diffusion in Polyethylene and Similar 
Polymers
2.3.3.1 Diffusion Controlled Process
It has been reported in the literature that the fluorination of polyethylene and other 
polymers is a diffusion controlled process, the depth being proportional to the square 
root of the reaction time [59]. This proportionality can be expressed according to the 
following equation [22] :
d = K (D t)*4 Equation 2.4
where d = Fluorination depth
K = Constant depending on the nature of polymer and the reactive 
species
D = Diffusion constant
t = Fluorination time
The dependence of the depth with the square root of the diffusion constant is made 
with the assumption that the rate of fluorine gas diffusion is faster than the rate of 
replacement reaction between the hydrogen atoms in the polymer and the diffusing 
fluorine [45]. From this assumption, the activation of fluorine gas diffusion has been 
established for several polymers [59], [60]. Figure 2.4 and Figure 2.5 show the curves 
obtained for the fluorination of HDPE, PC and PS. No limiting value for the thickness 
of the fluorinated layer has been observed [61].
It has been observed that plasma fluorination is also diffusion controlled [22], [16]. It 
has been reported that in the same way as the fluorinated time, the weight increment is 
proportional to the square root of reaction time [59],
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15 -r
Square root of the fluorination time (hr7*)
Figure 2.4 : Dependence of the depth of fluorination layer on the time of fluorination 
of HDPE (film 1800 pm thick, 70°C, 2.3 vol. % F2), after [61].
pc
20 -  -
Square root of the fluorination time (hr *)
Figure 2.5 : Dependence of the depth of fluorination layer on the time of fluorination 
of polystyrene (PS) and polycarbonate (PC) films (25°C, 0.1 atm F2 ), after [59],
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It important to appreciate that results considered above specifically concern the 
kinetics of reaction at long times (several hours). If the data of Figure 2.4 is 
extrapolated to zero time, it is clear that the curve is not coincident with the origin. 
This may imply that there is a change in the kinetics of the process before the first data 
point. One can not be certain of this feature because of the lack of data. One aim of the 
present work is to study in greater details the kinetics and diffusion at short reaction 
times.
In the fluorination of polymers, it is difficult to distinguish diffusion from chemical 
reaction. Very few models describing these two phenomena together have been 
reported. Van Warmer et al [62] were the first to propose, in 1990, a non-Fickian 
diffusion with chemical reaction. They assumed the velocity of the swelling front to be 
constant and independent of the penetrant concentration. Furthermore, they considered 
reaction kinetics to be first order in the diffusing reactant and zero order in the reactive 
groups of the polymer. Kuipers et al [63] have extended this model by assuming that 
both the diffusing species and the reactive groups behave with first order kinetics. In 
their model, instead of assuming a constant velocity of the swelling the authors 
adopted the swelling kinetics of Astarita and Sarti [64] to describe the swelling 
behaviour that the polymer takes place at the moving boundary. In addition, a spherical 
geometry of the polymer is considered instead of one-dimensional diffusion in a semi­
infinite body as described by Astarita and Sarti [65]. Recently, the same authors have 
expanded their model [66] by allowing both a consecutive and a parallel reaction to 
take place simultaneously. This modified model presented a useful tool to optimise 
reaction conditions, particularly with respect to product selectivity and product 
homogeneity
2.3.3.2 Difficulties of Fluorine Atoms in Diffusing into the Carbon 
Backbone
Reactions below the surface are diffusion controlled. The progress of fluorine in the 
polymer becomes increasingly difficult for two reasons. The first one is due to the fact 
that a substituent fluorine deactivates the adjacent hydrogen atoms in the free radical
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reaction [67], [68], [69]. Clark even affirms that the introduction of fluorine into the 
polyethylene skeleton deactivates the a  and p sites [70],
As the fluorination proceeds, the fluorine atoms have more and more difficulty in 
penetrating the carbon network. This is due to a steric effect [35]. Once fluorine atoms 
started to form fluorine-carbon bonds on the polymer carbon skeleton, this skeleton is 
somewhat sterically protected by a sheath of fluorine atoms. As they approach the 
carbon skeleton, the incident fluorine atoms are repelled by the non-bonding electron 
cloud of the attached fluorine atoms. The consequence of this is the reduction of 
effective collisions. This sheath of fluorine atoms is one of the reasons for the inertness 
of the fluoropolymers. Figure 2.6 illustrates an extreme case of this “steric protection” 
of carbon-carbon bonds by showing the crowded helical arrangement of fluorine 
around the carbon backbone of polytetrafluoroethylene.
1.68 nm
Figure 2.6 : The steric protection of the carbon skeleton by fluorine by a 
polytetrafluoroethylene chain (PTFE). The helical configuration with a repeat distance 
of 1.68 nm results from the steric crowding of adjacent fluorine, after [35] and [3],
The study of the cross section of fluorinated polymer films by scanning electron 
spectroscopy (SEM) [61] and spectroscopy (IR, UV-Vis) [71], reveals that the 
fluorinated and untreated layers are separated by a very sharp boundary layer. 
Kharitonov and co-workers suggest that the elementary chemical reactions between 
the fluorine atoms and those of the polymer occur only inside this boundary layer [71], 
The limiting stage of direct fluorination process is therefore the fluorine penetration 
through the fluorinated layer to the untreated polymer.
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2.3.3.3 The Effects of the Experimental Conditions on the 
Fluorination Depth
The depth of fluorination can be affected by the fluorine gas pressure. Shimada et al
[59] have observed that the amount of fluorine is directly proportional to the fluorine 
gas pressure for the fluorination of the surface films of polycarbone (PC), polystyrene 
(PS) [59], This result is shown in Figure 2.7.
15 -h
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100 120
F2 Pressure (cm Hg)
Figure 2.7 : Relation between F2 pressure and fluorinated depth for the fluorination of 
polystyrene (PS) and Polycarbonate (PC), after [59].
The size of the dilution gas molecules appears to affect the depth fluorination. For 
example, the fluorine in helium gas is more easily diffused into the material than the 
fluorine gas in nitrogen gas [59]. As the radius of helium gas (5 A) is smaller than the 
molecular radius of nitrogen gas (14 A), helium gas diffuses more easily into the 
material than nitrogen.
The depth of fluorination depends also on the reaction temperature. The data of Figure 
2.8 illustrates that the logarithm of the fluorinated depth is inversely proportional to 
the temperature, [59].
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Figure 2.8 : Relation between reaction temperature and depth of fluorination, after 
[59].
The more crystalline the polymer, the more difficulty the fluorine gas will have to 
diffuse into the material. To illustrate this, a comparative study has been carried out on 
the depth of fluorination of low and high density polyethylene (LDPE) and (HDPE) 
[72], under the same fluorination conditions The depth was determined using 
Rutherford Backscattering spectroscopy. LDPE, which is less crystallised, was more 
deeply fluorinated. Moreover, when polyethylene and polypropylene were fluorinated 
under the same conditions [73], it was found, by ellipsometry, that the thickness of the 
fluorinated layer for polypropylene is approximately as twice as that for polyethylene, 
at any given fluorination time. This is result of the lower density of polypropylene.
2.4. Reactions Mechanisms
2.4.1 Thermochemistry
Bigelow [74] then Miller et al in a series of publications [67] [75], [76], underlined the 
fact that fluorination reactions involving elemental fluorine and organic compounds
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(included ^-hydrocarbons) have all the characteristics associated with free-radical 
reactions. The presence of these radicals during the fluorination process has been 
studied, and observed by electron spin resonance by Florin and his co-workers [77] 
[78]. The mechanism and thermochemistry are given in Table 2.6. In 1961, Patrick 
studied in details the thermochemistry of organic fluorine compounds [79].
Step Reaction AH2<jXk, 
kJ mol'1
AG29SK? 
kJ moT1
Initiation la f 2 --------- ► 2F 159.0 123.6
lb r h +f 2- 16.3 -24.4
Propagation 2a r h  + f ' --------- ► R +HF -141.4 -151.2
2b --------► r f  + f ’ -289.1 -284.9
Termination 3a R + F' - --------► RF -446.8 -407.9
3b R + R - --------► R-R -350.6 -294.1
F + F '  - -159.0 -123.7
Overall reaction r h + f 2- --------► RF + HF -430.5 432.6
Table 2.6 : Mechanism and Thermodynamic data, after [2] [3], [9] and [35].
The outcome of the polymer fluorination depends on the initiation and propagation 
steps. During the propagation processes the hydrogen atoms are substituted by fluorine 
atoms [26], [68] and [80].
There are two possible pathways in the initiation of the free radical reaction : Step la 
and Step lb. Step la is classically described in the literature [17], [26], [68], [71],
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[76], [77] [80], [81], [82]. Because the fluorine-fluorine bond is weak, fluorine gas is 
composed of fluorine atoms in low concentrations, even at room temperature. Step la 
is therefore self-initiating. Step lb was first postulated by Miller et al [75] on the basis 
of reaction products. This process is exothermic at room temperature 
(AG298 k = -24.5 kJ mol'1) although the enthalpy is positive (AH298 k = 12.2 kJ. mol'1). 
The validity of the initiation of the reaction by a fluorine molecule described in step lb 
has not been conclusively established by spectroscopy methods. However at low 
temperatures (<195 K), fluorination of hydrocarbons occurs at a significant rate. This 
fact gives an indication that step lb is a significant step that may have very little or no 
activation energy at room temperature. Moreover, an equilibrium calculation reveals 
that at atmospheric pressure and at 298 K fluorine is less than 1% dissociated. 
Therefore less than 1% of the collisions would result in the reaction if step la  were the 
only important initiation step, which is probably unlikely.
According to the mechanism given in Table 2.6, the fluorinate process starts therefore 
with a substitution of -CH2- to -CFH-. Fredericks and Tedder have determined that the 
second substitution of fluorine preferentially takes place on carbon atoms that are 
distant from the existing C-F bonds [69]. Hence, the attack of fluorine on a polymer 
substract should be distributed quasi-statistically along the polymer chains.
2.4.2 Degradation of the Material During the Fluorination 
Process
2.4.2.1 Fragmentation and Fragmentation Control
For hydrocarbons, the average carbon-carbon single bond strength is 351.5-
368.2 kJ mol'1. The overall reaction is exothermic enough (AH298k = 17.2 kJ mol'1) to 
break carbon-carbon bonds if it happened to occur via a concerted mechanism or 
several adjacent carbon atoms simultaneously. Therefore, in order to avoid the 
fragmentation of the skeleton, this energy must be dissipated. In addition, Step 3 a of 
the mechanism given in Table 2.6, is the only step in the reaction that is exothermically 
available to fracture also these bonds. The way of reducing also the chain scission is to
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reduce the atomic fluorine concentration or decrease the mobility of hydrocarbon 
radical intermediates, and/or keep them in the solid state during the reaction. It is 
important to limit the reaction rate to the extent that these hydrocarbon radical 
intermediates have longer lifetimes permitting the advantages of fluorination in 
individual steps to be accomplished experimentally. It has been shown by electron 
paramagnetic resonance methods [77], [78], that various radicals have appreciable 
lifetimes in the case of highly diluted fluorination.
The dissipation of energy released during the fluorination can be made possible by the 
molecular relaxation processes such as vibration or rotational relaxation and thermal 
conduction. In the case of an individual molecule or polymer chain, such processes are 
able to minimise the chances of the activation energy required for breaking the weakest 
bonds from being correctly localised, only if the reactions sites are widely spread out 
over the system. The probability that a molecule or polymer can survive a fluorine 
reaction occurring at the same time and on two adjacent carbon atoms within the same 
molecule or molecules in adjacent chains, is very low. Therefore, in the initial stages of 
the fluorination, it is advantageous to reduce the probability of more than one reaction 
site simultaneously happening in the same or adjacent molecules [83] by diluting the 
reactants such that the relaxation processes distribute the energy more widely over the 
system and thus avoid fragmentation [35].
2.4.2.2 Polymerisation
Another kind of degradation which can occur during the fluorination process is 
polymerisation (cross-linking) [73], [81], particularly if the fluorine is at a high 
concentration [16], [82]. The cross-linking, in the case of homopolymers, proceeds via 
the abstraction of hydrogen atoms [84]. For some of these polymers, the manifestation 
of this degradation becomes visible by the formation of a gel [84]. The observation of 
the surface by means of atomic force microscopy reveals that the fluorinated surfaces 
were less sensitive when scanning than the untreated ones. It was concluded that this 
effect may be due to a cross-linking of the surface caused by the radical fluorination 
reaction [73]. Moreover, It has been suggested that direct fluorination of polyethylene
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leads to a mechanically strengthened surface [68] as a result of cross-linking, implying 
that more polymerisation occurs than fragmentation, [82].
2.4.2.3 Other Type of Degradation
Brown, Florin, and Wall [84] have noticed that fluorination decreases the intrinsic 
viscosities of some fluoropolymers.
2.5. Composition of the Fluorinated Layer
2.5.1 Indirect Surface Characterisation
Until the mid-seventies, the surface characteristics of fluorinated layers on polymers 
were mainly determined by spectroscopy (such as IR, UV-Vis) and by classical 
chemical analysis [34], [59], [60], [81], [82], [85]. For these effects, the fluorinated 
layers were extracted with solvent. Therefore, the analyses were giving only the 
average composition of the fluorinated layer without taking account of whether or not 
there was a gradient of fluorine concentration throughout the fluorinated surface. 
Schonhorn and Hansen have fluorinated polyethylene films and have extracted the 
fluorinated layer with xylene. The residue obtained had a composition of C2F3H [68], 
A finely powdered linear polyethylene has been fluorinated for 10 hours and analysed 
by infra-red spectroscopy [34], The authors found a composition similar to PTFE, - 
(C2F4)-. Fluorination of polyethylene has also been studied .gravimetrically, by using 
quartz crystal micro-balance technique [86].
2.5.2 Direct Surface Characterisation
The direct characterisation of the fluorinated surface polymer has taken place since the 
mid-seventies. The most common technique used is the X-ray photoelectron 
spectroscopy (XPS). In 1975, Clark was the first to use this technique in order to 
study, in detail, the surface of fluorinated polyethylene films [70], He focused his 
attention on the early stage of the fluorination and showed that extensive fluorination
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has taken place at the surface and the immediate subsurface of the polyethylene films. 
He observed also that fluorine reacts immediately on the surface. He noticed that the 
C/F ratio decreased very quickly during the first fifteen seconds and then levelled off to 
a value to just above 1 (Figure 2.9). He concluded that fluorination would tend to 
proceed uniformly so that a (CHF-CHF)n backbone (whose C/F ratio is equal to 1), 
would predominate. He suggested also that there was a variation in composition of the 
fluorinated polyethylene film as function of depth into the sample.
2.5
2 ^
0.5 -
100 200 300
Time of fluorination (s)
Figure 2.9 : C/F stochiometries obtained by the measurement of Cls/Fls obtained on 
the XPS spectra, after [70],
XPS described in detail in Chapter 3, acquires analytical information from the outer 
surface layers of a material via the study of the shifts appearing in the photoelectron 
peaks caused by the different chemical environments of the atoms. This is one of the 
reasons why the study of the surface of fluorinated polymers, using XPS has been 
covered extensively in the last ten years for direct fluorination [68], [70], [73] [85], 
[86], [87], [88], [89], [90], [91], [92], and for plasma fluorination [14], [16], [17], 
[18], [19], [20], [21], [23], [24], [93]. XPS shows clearly the differences occurring on 
the surface between before and after fluorination. The Cls peak has contributions from 
C-Fn and C-Hn bonded species. A FIs peak appears and often Ols peak arises from 
surface oxidation.
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2.5.3 Degree of Fluorination
2.5.3.1 Degree of Fluorination as a Function of Time
Studies on the dependence of the degree of fluorination of polyethylene powder (140
mesh) versus time has been carried out [94], [95], The % completion increases rapidly 
in the first 3 hours and then levels off to an average of 55-58% as shown in Figure 
2.10. It should be noted that this figure represents the percentage fluorine, where 
100% reaction refers to formation of a -[CF2 - CF2 ]- structure equivalent to 
67 At % F in the polymer repeat unit.
100
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40  - -
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Figure 2.10 : Fluorination of polyethylene powder (140 mesh) using an F2 flow of 20 
ml min'1, diluted with an 200 ml min'1 flow of He, at room temperature, after [94] and 
[95].
2.5.3.2 Factors Improving the Degree of Fluorination
The degree of fluorination can be enhanced by increasing the reaction temperature
[29], [61]. It an be also improved by increasing the fluorine gas concentration in the 
gas stream and decreasing the time of fluorination in order to avoid a too high surface 
damage [29], Figure 2.11 shows the dependence of the degree of fluorination on the 
fluorine concentration in F2/N2 gas mixture. The degree of fluorination is however not 
affected by the gas flow rate in the reaction chamber.
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Figure 2.11: Dependence of the degree of fluorination on the F2 concentration in the 
gas stream, after [61].
2.6. Morphology
The morphological changes of polyethylene and polypropylene surfaces induced by 
fluorination have been investigated in detail by imaging methods [73], including 
scanning electron microscopy (SEM) and atomic force spectroscopy (AFM). The film 
samples were exposed to a F2/N2 mixture. Even after 30 minutes of fluorination, SEM 
at a magnification of 5 000 times did not show any changes on the surface of both 
polymers. On the other hand, because of the higher resolution, AFM clearly revealed 
the effect of fluorination on the morphology at a magnification of about 50 000 times 
(Figure 2.12 and Figure 2.13).
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Figure 2.12 : AFM image of untreated polyethylene, after [73].
Figure 2.13 : AFM image of fluorinated polyethylene (1 vol% F2), after [73].
The root mean square roughness (Rq) and the surface area difference (D) are both 
indicators of microroughness and can often be computed directly using manufacturers 
software packages on current AFM systems.. The definition of these two factors are given 
as follows :
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Rq = ' jy aVC^ Equation 2.5
where Zj is the value of point I, Zave is the mean of all Z values and N the number of all 
Z values
D is the difference between true and geometric surface area. In AFM computation, 
such as Equation 2.5, the geometric surface area is taken as 1 pm2 (i. e. a 1 pm x 1 pm 
field of view).
Quantitative evaluation of these two indicators reveals that both are enlarged by 
fluorination. Table 2.7 illustrates the effect of fluorination on microroughness. Each 
value given represents the mean of three positions on the samples. The standard 
deviations of the means are respectively ±0.2 nm and ±0.2 % for RMS roughness and 
surface area difference.
x ujycuiyiciio P Oiypmpyleilc
Untreated Treated Untreated Treated
Rq /nm 4.1 5.8 4.2 5.0
D (%) 1.2 3.6 2.6 3.4
Table 2.7 : RMS roughness and surface area difference D for untreated and treated 
fluorinated polyethylene and polypropylene ( vol % F2, 30 min, 30°C), after [73],
2.7. Enhanced Properties
2.7.1 Barrier Properties
Direct fluorination improves the barrier properties to both solvent [26], [96], [97] and 
gas [83] permeation. Solvent barrier studies have been carried out for fluorinated 
polyethylene [96], [97], [98] and have shown that the fluorination of polyethylene 
surface reduce the permeation rate of both aliphatic and aromatic solvents. Moreover,
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solvents having a dielectric constant between 7 and 10 were not retained as well as
solvents with a dielectric constant less than 7. The improvement in the barrier
properties of fluorinated polyethylene containers is not at the expense of the other 
desirable properties of polyethylene, such as the mechanical performances [31], [97]. 
Fluorinated polymers are also stable in contact with strong acids but are decomposed 
by strong bases [26].
2.7.2 Surface Free Energy Modification
The adhesion of coatings to a polymer surface is related to the surface tension or 
surface free energy of the polymer. The surface free energy of a pure phase ya is 
generally expressed by two terms[99] :
Ya = yad + Y a P Equation 2 . 6
where yaD = dispersion force component (mJ m'2)
yap = polar force component (mJ m'2)
The dispersion component includes the Van der Waals interactions. The polar 
component includes the acid-base and the hydrogen bonding interactions.
The interaction energies at the interface of two phases, yab (such as solid/liquid), are 
often determined using the following equation :
  Yab =  Ya- +  Yb - 2(yaD ybD)1/2 - 2(yap ybP)1/2 Equation 2.7
One should notice that the polar component of the surface free energy, 2(yap y bP),/2 is 
used in practice for convenience but is theoretically wrong. Considering a solid/liquid 
system, Equation 2.7 may be re-written from Young’s equation as follows :
yLV(l+cos0) = 2 (y ds .yDl ) ,/2 +  2 (y ps .ypl ) 1/2 Equation 2.8 
where - yLv is the surface tension of the liquid
- 0 is the contact angle between the liquid and the surface of the substrate
- y Ds and y Ps are the dispersion and polar component of the surface energy of 
the substrate,
- yDL and y \  are the dispersion and polar component of the surface energy of 
the liquid.
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The surface energy of untreated and treated polyethylene films has been studied by 
Brass et al measured [92]. Contact angles (0) of Sessile drops of different solvents on 
the surface, were calculated from the dimensions of enlarged images of the drops, 
using the formula :
tan (0/2) = 2h/d Equation 2.9
where h and d are respectively the height and diameter of the drop.
The polar and dispersion components of the surface free energies of the films were 
determined using Equation 2.7 and are summarised in Table 2.8.
yDs (mJ.m-2) y rs (mJ m-2) y ^ m W )
Untreated polyethylene 30.7 0.3 31
Treated polyethylene 
with F2/N2 mixture
28.6 11.0 39.6
Treated polyethylene 
with F2/O2/N2 mixture
23.8 27.5 51.3
Table 2.8 : Effect of fluorine treatment on polyethylene surface energy, after [73].
Table 2.8 shows an increase in the surface energy after fluorination, especially in the 
polar component This is due to the fact that fluorination is never completely achieved 
and this partial substitution results in an increase of the surface polarity [80]. As a 
result, the modification of polymer surface will improve the printability, adhesion, 
lacquerability and so on. However, it would appear that the increase of the surface 
tension due to the substitution of hydrogen atom by fluorine atoms can not only 
explain the improvement in adhesion. It would mainly originate by the fact that 
oxidation occurs during fluorination. This hypotheses would be in disagreement with 
Clark’s view that oxidation does not accompany fluorination [70], Studies on the 
adhesion on polymers treated with mixtures of fluorine/diluent gas/oxygen, reveal that 
the adhesion is even greater than that for surface which has been treated only with
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fluorine/diluent gas [20], [78], [92], [100] and [101], i.e. y ps component is greater 
(Table 2.8). Another explanation for the improvement of adhesion in the case of 
fluorinated polyethylene was given by Schonbom and Hansen [68]. According to them, 
direct fluorination eliminates the weak boundary layer associated with polyethylene by 
either cross-linking or increasing the molecular weight in the surface region which is 
therefore strengthened.
Studies on the wettability of the fluorine treated polymer surfaces by various solvents, 
has been investigated [98], [102], For non polar solvents such as hydrocarbons, the 
wettability of the surface does not change significantly after treatment. On the other 
hand, treated surfaces are wetted more easily by polar and hydrogen bonding solvents 
such as halocarbons, alcohols and amides. All thermoplastic polymer surfaces are 
wettable by water after being fluorinated [80].
2.7.3 Optical Behaviour
It has been observed that partial or complete fluorinated polymers had a change in their 
optical transmission. It has been reported that CCI2F2 under electric spark discharge 
makes polyethylene films more opaque [93]. Shimada and Hoshino have observed a 
change in the refractive index corresponding to the amount of hydrogen replaced by 
fluorine in the polymer [59].
In the last twenty years, an increasing number of surface analysis techniques has been 
applied to various polymers systems (homopolymers, copolymers and chemically or 
physically surface modified polymers [91]. The most commonly used in this field is 
X-ray photoelectron spectroscopy (XPS) which is applied to both chemical and 
structural studies of polymers. More recently, techniques based on ion spectrometries 
have been shown to be very powerful and complementary to XPS. Among these ion 
techniques, is static secondary ion mass spectrometry (SSIMS) which can be orders of
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magnitude more sensitive than XPS and therefore allows problems to be solved for 
which the lower sensitivity of XPS is a limiting factor. Ion Scattering Spectroscopy 
(ISS) which gives elemental information of the topmost monolayer and Rutherford 
Backscattering Spectrometry (RBS) which allows elemental depth profiles up to 1 pm 
for polymers, have also been applied successfully .
In this present research work, SSIMS, XPS and RBS have been chosen because they 
give information on the chemistry, the kinetics and the mechanisms of fluorination, on 
different scales.
36
Chapter 3
Experimental Techniques
3.1. X-Ray Photolectron Spectroscopy (XPS)
3.1.1 Introduction
X-ray photoelectron spectroscopy (XPS) has its origin in the investigations of the 
photoelectric effect (discovered by Hertz in 1887) in which X-rays were used as the 
excitation source. At the turn of century, early experiments were carried out by 
Moseley, Rawlinson and Robinson in Rutherford’s laboratory in Manchester. The first 
attempt at the basic equation of XPS was made by Rutherford in 1914. After the first 
world war, the research started again in England by Robinson and in France by de 
Brooglie and in 1920 photoelectron spectra of many elements exited by a variety of 
high energy X-rays had been recorded on photographic plates. “Anomalous lines” 
obviously not originating from the core line were found in these spectra. These 
“anomalies” were identified by Pierre Auger as the radiationless de-excitation of the 
photoionised atom or ion, and were named after the French physicist. The most rapid 
progress in the evolution of XPS was made after the second world war, when 
Steinhardt and Serfass at Lehigh University (Bethlehem, Pa. USA), considered for the 
first time XPS as an analytical tool, particularly for studying surface chemical 
phenomena but still using high energy X-rays (CuKa). Steinhard wrote a PhD thesis 
with the title of “An X-ray photoelectron spectrometer for Chemical Analysis”.
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However, the most spectacular development was achieved by Siegbahn and its co­
workers in Upsula, Sweden [103]. The first photoelectron spectrum, that would be 
recognised as such today, was obtained in 1954 from a cleave sample of sodium 
chloride. They also observed for the first time chemical shifts effects on core level 
binding energies. They developed the whole field of electron spectroscopy during the 
period 1955-1970, which subsequently lead to the award to Siegbahn, of the Nobel 
Price for Physics. The first commercial spectrometers appeared around 1969-70. But 
this technique become really surface sensitive with the development of an ultra high 
vacuum spectrometer by of Brundle and Roberts in 1972 [104], A review of the 
historical development of XPS has been published by Jenkin and al [105], The first 
concentrated effort in the application of XPS to polymers was instigated by Clark and 
co-worker at the university of Durham in 1972. Since the late eighties/early nineties, 
the instrumentation has undergone significant advancement leading to enhance levels of 
spectral information.
The following section is an introduction of XPS analysis. It is not the purpose to give 
an exhaustive description on the XPS technique and its instrumentation since many 
authors have covered these subjects in great detail [106], [107] [108], [109]. Firstly 
the basic principles will be given following by a description of the instrumentation. The 
usual features encountered in photoelectron spectra will then be explained as well 
other characteristics of XPS such as the depth of analysis, depth profiling and 
quantification. Finally, the problems faced in XPS during analysis of insulators, such as 
polymer will be considered.
3.1.2 Definition and Basic Principles
In X-ray photoelectron spectroscopy, a primary beam of soft X-rays, usually Al Ka 
(1486.6 eV) or Mg Ka (1253.6 eV) interacts with a specimen inside an ultra-high- 
vacuum system (UHV) of around 10'7 Pa (10'9 mbar). The sample is usually in solid 
form but can be also a gas or a liquid. The primary event is the photoemission of a core 
electron (Figure 3.1-a) but relaxation processes will also lead to either the emission of 
an X-ray photon (Figure 3.1-b) or the radiationless de-excitation process of Auger
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electron emission (Figure 3.1-c). Electrons occupying the valence band are also ejected 
from the molecular orbitals, but with much lower intensity [110]. If the photo electrons 
have sufficient kinetic energy, they are be able to escape from the surface by 
overcoming the specimen work function and photoemission is said to occur [111]. The 
energy levels of the core electrons are quantified values (Equation 3.1). Therefore the 
photoelectrons have a kinetic energy distribution, N(E), consisting of a series of 
discrete bands that essentially reflects the “shell” of the electronic structure of the 
atoms in the sample. The experimental determination of N(E) by kinetic energy 
analysis of the photoelectrons produced by exposure to X-rays is now called X-ray 
photoelectron spectroscopy (XPS). The original term was ESCA (Electron 
Spectroscopy for Chemical Analysis). The technique which measures exclusively the 
kinetic energy of the Auger electrons is known as Auger Electron Spectroscopy 
(AES), but the study of those Auger electrons emitted as a result of X-ray irradiation is 
often referred to as X-AES .
Although the kinetic energy of the photo electron (Ek) is not an intrinsic parameter to 
the material (as it varies with photon energy), it is related to the binding energy (EB) 
that defines both the element and the atomic level of its origin, and other instrumental 
terms by the following modified form of Einstein equation :
EK = hv - EB - E r - O -  8E Equation 3. 1
where hv = X-ray photon energy (in eV)*
Eb = Binding energy of the photoemitted electron (in eV) (as defined
as the minimum energy which is required to remove the electron 
to infinity with zero kinetic energy [112].
Er = Recoil Energy, equal to 0.1 to 0.01 eV and therefore generally
ignored [108].
O = spectrometer work function
In electron spectroscopy, energies are expressed in the non-SI unit the electron-volt.
1 eV = 1.595.10'19 J
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O = spectrometer work function
8E = Electrostatic term which reflects the specimen surface charging
and appears in the case of insulator. This problem is very 
important in this present work and therefore will be discussed in 
section 3.1.7. For the time being, this term is not considered.
Ejected K electron 
(Is photoclectron)
• Auger Electron (KL,Lj) 
/ Secondary ionisationLevels 
Vacuum Level
Incident X-ray 
(hv,)
Is(K ) Primary ionisation
Figure 3.1 : (a) Schematic of the photoemission process. In this case the X-ray photon 
has interacted with a K-shell electron resulting in the ejection of a Is electron. The 
associated vacancy is filled with a electron coming from a higher level leading either to 
the emission of an X-ray photon (X-ray fluorescence) (b) or Auger Electron (c), after 
[110] and [113].
In XPS spectrometers, the binding energy scale is always referenced to the Fermi 
Level, which can be established using a metal with a well defined Fermi Level such as 
palladium. In the case of conductive materials in electrical contact with the 
spectrometer, Fermi Levels alignment occurs and the binding energies measured by the 
spectrometer are referenced to the Fermi Level. The kinetic energy is independent of 
the work function of the sample and is affected by the spectrometer work function as 
expressed in Equation 3.1. A demonstration of the non dependence of the kinetic 
energy on the sample work function is given below :
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During the analysis, an incoming photon of energy hv causes the emission of a 
photoelectron of binding energy EB relative to the Fermi level of the sample. An 
additional term of energy is required to bring the electron from the Fermi level to the 
Vacuum (or free electron) level, namely the sample work function <Dsampie. With respect 
the conservation of the total energy of the system, the emitted electron has a kinetic 
energy equal to :
E’k = hv - Eb - Osampie Equation 3.2
An electron passing from the sample to the spectrometer will be influenced by a 
potential equal to the difference between the sample work function and that of the 
spectrometer (<D - Osampie) [107]. If both the Fermi levels of the sample and 
spectrometer are aligned, the electron kinetic energy E ’k at the surface can be re­
written as following (Figure 3.2) :
E ’k = E ” k + (O - <3>sampie) Equation 3.3
Using this expression in the Equation 3.2, a new equation is obtained which expressing 
the kinetic energy of the electron measured by the spectrometer :
E ’k = hv - E b - O Equation 3.4
Therefore, for conducting materials, only the spectrometer work function needs to be 
considered. Provided that the conducting samples have not been insulated from the 
spectrometer by some means and are in thermal equilibrium with the spectrometer, <X> 
is virtually constant at 4.5 eV for most spectrometers [113] and corresponds to the 
work function of the analyser material.
As hv and d> are known and EK is measured experimentally, it is a simple matter to 
calculate EB. This is normally performed by the spectrometer computer.
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Figure 3.2 : Energy diagram of a photoelediun coming out from a conductive sample, 
showing the alignment of both Fermi edges of the sample and spectrometer, after [97], 
[114].
In the case of insulators (or conducting samples which have been electrically insulated 
from the spectrometer), the Fermi level of the sample is no longer aligned with that of 
the spectrometer, as a result of the band gap between the conduction and the valence 
bands. The binding energy reference described above is no more applicable as it is and 
therefore the fourth term 5E is added in Equation 3.1 due to electrostatic charging of 
the surface specimen. This referencing problem is very important in the study of 
polymers surface by XPS since it can be the cause of other complications in the 
interpretation of the spectrum and therefore will be described in greater detail later.
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3.1.3 Instrumentation
Any XPS spectrometers should meet the following requirements :
(1) an ultra high vacuum (UHV) environment
(2) a controlled source of X-rays
(3) a specimen manipulation system
(4) an electron energy analyser and detection system
(5) a data recording processing and output system
The ESCALAB Mkll spectrometer in the Surface Analysis Laboratory7 at the 
University of Surrey is shown below7.
i^ jzaM ssm
Figure 3.3 : V.G. Scientific ESCALAB Mkll spectrometer.
3.1.3.1 Ultra High Vacuum (UHV) Environment
A UHV environment is an essential requirement for almost every technique of surface 
analysis available today [111]. The reason for this is twofold. First, the low energy 
electrons (or other particles) travelling from the surface sample towards the energy
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analyser should encounter as few gas molecules as possible, otherwise they will be 
scattered by them. Unless the concentration of these molecules is kept to a reasonable 
level, this will have as a consequence a decrease of the total spectral intensity and an 
increase of the noise present within the spectrum. The second and more rigorous 
requirement results from the fact that the technique is used to analyse information 
coming from the first few nanometers of the sample and therefore is very surface 
sensitive. Gas kinetic theory provides the information that at a pressure of 10'4 Pa (10'6 
mbar), a monolayer of contamination gas is adsorbed onto the sample surface in about 
one second. The lower the pressure, the longer a monolayer of gas will take to be 
adsorbed on a surface solid. The minimum pressure required in order to have enough 
time (several hours) to analyse the sample before the adsorption of a monolayer gas is 
in the range of 10'6 to 10'8 Pa (10'8 to 10"10 mbar) [115]. To reach this vacuum, the 
sample will go through different chambers, decreasing the pressure each time. Most 
spectrometers of nowadays have two or three of these. For example, in the case of the 
VG Scientific ESCALAB Mkll spectrometer, the first chamber is the fast entry lock 
which is pumped to 1 Pa (1C)'2 mbar). The second and third chamber are respectively 
the preparation chamber and the analysis chamber where the pressure in both of them 
is expected to have a vacuum of 10'8 Pa (lO'10 mbar). The spectrometer at the 
University of Surrey uses liquid nitrogen cooled traps on diffusion pumps charged with 
poly(phenyl ether) oil and titanium sublimation pumps, to reach such a vacuum. In 
order to be able to keep a high quality of UHV, the spectrometer needs to be baked 
from time to time to remove the adsorbed layers from the chamber walls, at a 
temperature which is usually in the range 100° to 160°C for routine use. The 
description of the pumping system and the materials used to be able to reach the UHV 
conditions are described elsewhere [115], [116].
3.1.3.2 X-Ray Source
The choice of the anode material for a the X-ray source for XPS depends on several 
criteria. Firstly, the X-ray energy must be high enough to photoeject the core electrons 
of all elements of the periodic table. Secondly, the natural line width of the X-ray 
transition must not limit the energy resolution required in the technique. From
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Equation 3.2, it is easy to understand, that the line width of EK depends on the line 
width of hv, since that of the core level is narrow and O is a constant [115]. In XPS, 
chemical information is extracted by detailed analysis of individual elemental spectra, 
including resolution of contributions from the various chemical states present, from 
which it follows that the best energy resolution should be used compatible with the 
signal-to-noise ration in the particular spectrum. The best resolution used for this 
purpose in general analytic work is of the order of 1 eV. Therefore, in order to avoid 
the limitation of the energy resolution by the line width of the source without 
monochromation, it is necessary to use materials whose characteristic X-ray line have 
widths less than 1.0 eV. Table 3.1 indicates some characteristic X-ray emission 
energies and line width.
Another consideration which has to be taken account and possibly avoided in the 
choice of the X-ray source, is the presence of intense satellite peaks in the spectra 
generated by lower intensity lines. (For example, signals generated from the Ag and Zr 
Lp lines have intensities corresponding to 30% of the intensities generated by the Ag 
and Zr La lines, [108]). Finally, the material has to be suitable for the construction of 
an anode (good conductivity, reasonably high melting point) [111].
IJa - Mc
Anode Energy Width Energy Width Energy Width
material (eV) m (eV) (eV) (eV) (eV)
C 278.0 6.0
Na 1041.0 0.42
Mg 1253.6 0.7
Al 1486.6 0.85
Si 1739.4 1.0
Cr 5417.0 2.1 572.8 3.0
Cu 8048.0 2.5 929.7 3.8
Y 1922.6 1.5 132.3 0.47
Zr 2042.4 1.6 151.4 0.77
Mo 2293.2 1.9 192.3 1.53
Ag 2984.3 2.6 311.3 9.8
Table 3.1: Characteristic X-ray emission energies and line width after [111].
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According to the values given in Table 3.1, very few materials have the required 
characteristics. Both YM  ^and ZrM^ have low enough widths ( «  leV), however their 
photon energies would be too low to excite core levels from the elements across the 
periodic table. MgKa, AlKa and SiKa lines are left as only the remaining possibilities. A 
silicon anode is not as easy to fabricate as aluminium and magnesium ones and has 
poor conduction characteristics, being a semi-conductor. Hence, it is only used when 
analysis of deep core level lines is necessary (e.g. Al Is).
3.1.3.2.1 Twin Anode Configuration
In practice, the X-ray source incorporates both aluminium and magnesium in a twin 
configuration anode and such sources have been in use since 1972 [117]. This 
arrangement enables the X-ray source to be changed without breaking the UHV 
conditions in the spectrometer [115]. The advantage of this assembly is not only the 
ability to differentiate between photoelectron and Auger peaks in the spectrum when 
there is an ambiguity in the peak assignment, but also the resolution of photoelectron 
and Auger peaks which sometimes interfere with each other [111]. This feature is due 
to the fact that the kinetic energy of an Auger electron is independent of the X-ray 
source used whereas it is related in the case of a photoelectron via the Einstein 
equation. Therefore, the apparent binding energy of Auger peaks appears to change by 
233 eV (1486.6 -1253.6) when switching from AlKa to MgKa radiation.
The design of an efficient X-ray source is influenced by a range of factors. For the best 
sensitivity at a given energy, the photon flux at the sample surface should be 
maximised. The flux is directly proportional to the electron current bombarding the 
anode, hence as high a bombarding current as the source can withstand should be used. 
Also, because the flux irradiating the surface is inversely proportional to the square of 
the anode to sample distance, it is important to place the sample as near the anode as 
other constraints such has heating and geometrical considerations will permit. A
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schematic cross section of a dual-anode X-ray source, similar to the type used in the 
ESCALAB Mk II, is given in Figure 3.4.
Cooling water
Filament 1
Anode face 1
^Focusing shields
Filament 2
Anode face 2
Figure 3.4 : Schematic of a twin anode configuration, after [118].
The anode is made of copper. Its end has a two angled face, one coating with a thin 
film of aluminium, the other one with magnesium. The thickness of these coatings 
(typically 10 pm) is chosen carefully as it has to be thick enough to prevent any CuLa 
radiation from the substrate but also to be thin enough to allow good heat transfer. 
There is a filament for each anode material. Both filament and the surrounding shields 
are held at earth potential and a high accelerating voltage (up to 15 kV) is applied to 
the anode. The shields are placed so that electrons from each filament bombard only 
the anode the nearest to it. Soft X-rays generated at the anode pass through an 
aperture covered by a thin aluminium window whose thickness is in the range of 2 to 
5 pm. This window is necessary in order to screen the sample from straight electrons, 
heating effects and any contamination originating in the source. Aluminium is used as 
material for the window because it is relatively transparent to X-rays. (The flux
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attenuation is 15% for Al Ka and 24% for Mg Ka lines [118]). Considerable heat is 
emitted (typically 240 - 500 W for the aluminium face), and therefore, to avoid 
interdiffiision of aluminium and magnesium by overheating, the anode must to be 
efficiently and rapidly cooled. Overheating may also cause the agglomeration of the 
aluminium and magnesium films, leading to features in the spectrum exited by the CuLa 
line. The cooling system is achieved by means of water circulating under high pressure 
(4 bar) through the centre of the anode.
3.1.3.2.2 X-ray Monochromatisation
Soft X-rays emission does not give rise to a single characteristic X-ray line and the 
spectrum of an non-monochromatic source is quite complex. Although most of the 
intensity goes to the principal characteristic line which appears as an unresolved 
doublet (AlKai,2 or MgKa i,2), other features arise on the spectrum, such as satellites 
lines (Ka 3 , 4 ,  Kp), other minor lines, and the continuous Bremsstrahlung background. 
The spectrum of the X-ray emission of an unmonochromatised source is given in 
Figure 3.5.
Aluminium 15 kV 
Logarithmic Intensify Plot
Photon energy (keV)
Figure 3.5 : X-ray emission spectrum in logarithmic intensity plots, from an aluminium 
target bombarded with electrons at 15 kV. This scale reveals the broad Bremsstrahlung 
background extending up to close to the source positive energy, after [115]
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Despite their low intensities, the satellites lines, as will be explained in section 3.1.4.3, 
will create additional features in the photoelectron spectrum, while the Bremsstrahlung 
will contribute to the background of the same spectrum. The use of a monochromator 
will enable the selection of an individual line from the unresolved K a i,2 doublet, the 
elimination of the satellites and the removal of the Bremsstrahlung continuum. The 
width of the unresolved K a 1,2 doublet of aluminium is 1.0 eV, which limits the spectral 
resolution. The monochromator will reduce this width by selecting only the line K« 1 
whose width is 0.4 eV and therefore the resolution will be increased as shown in
Monochromatisation depends on the dispersion of X-ray energies by diffraction in a 
crystal according to the Bragg law given in Equation 3.1.5 :
Figure 3.6.
0.4 eV
otter rronochromatizotion
Figure 3.6 : Separation of the AlKa i<2 doublet, after [119].
n>, = 2d sin 0 Equation 3.5
where n = diffraction order
X = X-ray wavelength (nm)
d = crystal spacing (nm)
0 = Bragg angle (°)
49
Chapter 3 : Experimental Techniques
The wavelength (X in nm) is determined from the energy of the incident photons, 
according to Equation 3.1.6:
chX = —  Equation 3.6
where c = speed of light (m s’1)
h = Planck s Constant (J s’1)
E = photon energy (eV)
e = electron charge (C)
Quartz crystals are very suitable materials to use as they can be ground or bent 
elasticity on the Rowland circle, if they are sufficiently thin. The radius of the Rowland 
circle is equal to 0.5 m on the VG Scientific ESCALAB Mk II spectrometer. The 
principle of monochromatisation is shown in Figure 3.7.
Electron Spectrometer
Multichannel
Detector
Multichannel
Analyser
Output
Display
Crystal
Disperser
E-AE
) K
Rowland
Circle
Photoelectrons
Sample
X-Ray Source (anode)
Figure 3.7 : The principle of X-ray monochromation, after [120].
The X-ray source (anode) is place at one point of the Rowland circle and the quartz 
crystal at one another. X-rays are then dispersed by diffraction and only those that 
have been refracted by the crystal at the correct Bragg angle are refocused at a further 
point where the sample is placed. Therefore the flux coming onto the surface sample is
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considerably reduced comparing to a conventional source. In most monochromators, 
the Bragg angle is equal to about 78.5°. By little adjustment of the crystal position 
around this value on the Rowland circle, four different sources can be 
monochromatised. The values of the possible Bragg diffraction angles using a quartz 
crystal monochromator are given in Table 3.2.
Radiation Energy
(eV)
Wavelength X 
(nm)
Bragg angle (0°)
n = 1 n = 2 n = 3 n = 4
MgKa 1253.6 0.989 WKKk
A lK a 1486.6 0.834 78.87 mS m
AgLa 2984.3 0.415 29.30 78.19 Wtm l l l l l l l l l l j l l
T iK a 4510.0 0.275 18.88 40.32 76.06
CrKp 5947.0 0.208 14.23 29.46 47.53 79.59
Table 3.2 : Possible Bragg diffraction angles using a quartz crystal monochromator. X
is calculated from Equation 3.6, 0 from Equation 3.5 and the spacing of the 10110 
planes of the quartz crystal is 0.425 nm.
As AlKa and AgLa use the same monochromator arrangement, they are available 
together in a twin anode configuration [106]. Nevertheless, as the order of diffraction 
increases, the X-rays flux decreases rapidly and thus, AlKa line is the most commonly 
monochromated source used. Only the University of Surrey group has used widely the 
AgLa and CrKp radiation and nobody has yet tried TiKa in a monochromator.
3.1.3.2.3 Rotating Anode
Conventional soft X-ray sources as described above are limited by power dissipation. 
Although the maximum that the latter can reach is 1 kW, it would be very difficult to 
operate the anode at such level forve^ ytongwithout curtailing severely its life. In order to 
use the anode at much higher power levels (up to 8 kW), a different approach to the 
anode cooling system has been adopted for the Scienta ESCA 300 spectrometer at
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RUSTI in Daresbury laboratory, based on a water cooled rotating anode (Figure 3.8). 
This system is based on the principle that since all the power is focused onto a small 
area of the anode, if  the area under the electron beam is moved away immediately 
after radiation and replaced with an adjacent area of the same material, cooling can be 
achieved in a much more efficient way. The anode thus becomes a disk which rotates 
continually (speed of rotation 10000 r.p.m) under the focused beam, allowing the area 
not being irradiated to cool down by conduction into the water-cooled copper base.
Figure 3.8: Rotating anode of the ESCA-300 instrument in Daresbury, after [121].
3.1.3.3 Electron Energy Analysers
The heart of the XPS technique is the measurement of an electron energy spectrum. 
The function of the analyser is to disperse photoelectrons emitted from the sample 
according to their energies, across a detector or detector array. There are nowadays 
two types of electron energy analyser universally employed in electron spectroscopy, 
namely the cylindrical mirror analyser (CMA) and the concentric hemispherical 
analyser (CHA), also known as hemispherical sector analyser (HSA) or spherical 
deflection analyser (SDA). CMA differs from CHA in the sense that it is designed to 
favour the sensitivity of the signal at the detriment of the spectral resolution while it is 
the contrary in the design of the CHA. Since the major requirement of AES is that of
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high sensitivity, intrinsic resolution being of lesser importance, the CMA was adopted, 
until recently, for AES. Conversely, the major feature in XPS is the spectral resolution 
and therefore CHAs are more widely used in this technique [106] and therefore, the 
description of only this type of analysers is going to be covered.
The basic form of a CHA is shown in Figure 3.9. A CHA consists of two hemispheres 
of inner radius Ri and outer radius R2, positioned concentricity. Two potentials (-Vi) 
and (-V2) are applied to the inner and outer surfaces respectively, with greater V2 than 
Vi. This potential difference creates a median equipotential surface of radius Ro where 
the source S is located in the entrance slit plate of width Wi and the focus F in the exit 
slit plate of width W2. When leaving the sample and before penetrating into the 
hemispheres, the electrons flux passes through electrostatic transfer lens in order to 
focus the electrons on S. Electrons of the correct kinetic energy and injected 
tangentially at the source S, will go through the hemispheres with a trajectory of radius 
Ro, and will be focused at F. Electrons of too high or too low kinetic energy will be 
attenuated at the analyser walls as the radius of their trajectory will be different.
F s lit plate 
width, W2S  s lit plate 
width, w-j
Figure 3.9 : Schematic cross-section of a concentric hemispherical analyser (CHA),
after [115],
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The CHA is combined with an electron retardation device to enable the resolution 
necessary for XPS. The electrons are retarded just before entering the hemispheres at 
the slit plate. This retardation may occur, depending on design, within the transfer lens 
through two grids immediately prior to the hemisphere, where a retarding field is 
applied [122].
In order to increase sensitivity of the signal, it is desirable to chose a large entrance 
angle (5a) of the CHA, so that more electrons will be able to pass through the 
hemispheres without being stopped and therefore more will be detected. Usually the 
commonly chosen optimum value of 5a is such that the following equality is satisfied 
[116]:
(5a)2 = Equation 3.7
where 5a = divergence of an electron entering the analyser from the ideal
tangential path 
W2 = width of the exit slit
Ro = radius of the median equipotential surface
It is sometimes convenient to build analysers whose both entrance and exit slit widths 
are the same. If W2 = Wi = W, the optimum condition corresponding to Equation 3.7 
becomes :
7 W(5a) = —  Equation 3.8
Ro
An electrons analyser can be controlled in two different ways. Firstly, the analyser can 
be operated in the constant analyser energy mode (CAE), also described as fixed 
analyser transmission (FAT), and secondly in the constant retard ratio mode (CRR), 
also known as fixed retard ratio (FRR). In the CAE mode, a constant voltage is applied 
across the hemispheres allowing electrons of a certain energy to pass into the analyser 
(pass energy). In this mode of operation, the energy resolution is constant across the 
whole energy range. The most commonly used pass energies are 10, 20, 50 and
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100 eV. CAE is the usual mode of operation for XPS. A complete electron energy 
spectrum is recorded by ramping the retarding field potential and plotting the electron 
energies versus the electron counts on a binding energy scale.
In the CRR mode, the voltages on the hemispheres are ramped with the energy of the 
spectrum so that the ratio of electron kinetic energy to pass energy remains constant. 
This constant is referred as the retard ratio of the analyser and the typical values are 
CRR = 2, 4 10 and 20. This results in the pass energy varying along the spectrum. For 
example, for a CRR = 10, at a kinetic energy of 100 eV, the pass energy will be 10 eV, 
while at a kinetic energy of 1000 eV, the pass energy will have increased to 100 eV.
3.1.3.4 Detection System and Data Processing
• • • 13The current collected at the exit of the analyser is very low, in the range of 10' to 
10*19 A [122]. The amplification is provided by an electron multiplier called channel 
electron multiplier or channeltron. The shape of the channeltron is a straight or curved 
spiral glass tube. The latter is often used in XPS [123]. The inner surface is coated 
with a SnO material having a very strong resistance and a high secondary electron 
emission coefficient (gain in the range of 104 to 108). Electrons entering the 
channeltron will hit the wall causing secondary electron emission cascades which will 
cause in turn the emission of other secondary electrons cascades by further collision 
with the walls. The signal is amplified, then acquired either in analogue or digital form 
and spectrum is plotted giving the electron energy versus the electron counts. The 
electron energy is expressed either in terms of binding or kinetic energies.
3.1.3.5 Energy Resolution
Energy resolution of the spectrometer can be defined in two ways, either as absolute or 
relative resolution. Absolute resolution AEa is usually defined as the full width at half 
maximum (FWHM) height of a chosen measured peak. Sometimes the base width of 
such a peak is chosen and in this case the absolute resolution is called AEb. Ideally 
AEb = 2AEa. AEa corresponds also to the amount of energy which differs from the
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correct energy when the electrons are injected in the analyser at an angle 5a to the 
correct tangential direction (Section 3.1.3.3). i.e. at the pass energy.
Relative resolution R, is defined as the ratio of AEa to the kinetic energy of the peak 
position Eo which is usually measured at the peak position :
AE.
R = ■ Equation 3.9
The absolute resolution is specified independently of peak position in a spectrum while 
the relative resolution is a function of the peak position and can be specified only by 
reference to a particular kinetic energy. Relative resolution is sometimes also expressed 
in terms of resolving power p which is the reciprocal of R.
As it has been discussed in Section 3.1.3.3, AEa is related to the spectrometer slit width
and the size of the analyser, relative resolution is also dependant of these two
parameters, according to the following!equation :
AE 0.62 W
R =  = ---------  Equation 3.10
Eo Ro
where AEa = absolute energy (eV)
E0 = kinetic energy of electron in the analyser (eV) (i.e. pass energy).
W = slit width (m)
Ro = mean radius of the analyser (m)
The total spectral energy resolution, is made up of several contributions. Assuming 
that all the components have a gaussian line shape distribution, the relation is given in 
Equation 3.11 :
AE = ^AEl + AE 2p + AE2a Equation 3.11
The individual components are :
- AEn the natural or inherent width of the core level, which is a direct reflection of the 
uncertainty in the lifetime of an ion following photoemission. Core hole lifetimes (in 
the order of 10‘14 s) are controlled by the processes that follow photoemission. These 
mechanisms can involve (i) emission of an X-ray photon (X-ray fluorescence), (ii)
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emission of an Auger electron or (iii) emission of an electron in a Coster-Kroning 
process (special type of Auger process in which the final doubly charged ion has one 
hole in a shell of the same principal quantum number («) as that of the original ion 
[115]).
-  AEP is the line width of the X-ray source which for the AlKai)2 doublet is 1.0 eV The 
line widths of the source has been discussed above in Section 3.1.3.2.2.
-  AEa the analyser resolution which is the same for all the peaks in the constant 
analyser energy mode (CAE), and varies across the spectrum in the constant retard 
ratio mode (CRR).
One of the principal reasons of using XPS is that it enables chemical state information 
to be determined, as will be described in more details in Section 3.1.4.2. This implies 
the ability to resolve closely spaced spectral features, which in turn implies the use of 
as good an energy resolution as possible, compatible with an adequate signal-to-noise 
ratio and intensity. Hence, the absolute energy resolution AEa must be the same across 
the entire spectrum. For the unmonochromated AlKa radiation, an absolute resolution 
of about 0.5 eV is necessary over the whole spectrum (range of 0-1500 eV) to extract 
chemical information if only limited by the X-ray line width and some instrumental 
broadening [115]. To achieve an absolute resolution AEa of 0.5 eV at an energy E0 of
AEa
1500 eV, a relative resolution ( —- —) of 3.3x10 (0.5/1500) is required. This is not
Eo
easy to achieve without constructing a very large analyser (Equation 3.10). 
Retardation of the electrons to a constant energy (pass energy) before entering the 
analyser is therefore common practice in XPS as, described in Section 3.1.3.3. This 
allows therefore the same absolute resolution to be obtained for a lower relative 
resolution i.e. at a pass energy of 10 eV (typical for high resolution core line spectra), 
an absolute resolution of 0.5 eV would require a relative resolution of 0.05 eV which 
is easy to obtain.
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Finally, it is important to keep in mind that as with any spectrometer, the higher the 
pass energy is, the higher the sensitivity is (higher transmission), but the lower the 
spectral resolution will be [122] and vice versa. This is illustrated in Figure 3.10.
Pass energy, sensitivity
Spectral resolution
Figure 3.10 The trade-off of sensitivity for resolution.
3.1.3.6 Characteristics of the XPS Spectrometers Used for this 
Present Work
Two types of spectrometers were use. The VG Scientific ESACALAB Mkll which is 
at the University of Surrey, has a Al/Mg twin anode. The analyses were undertaken 
using the Al radiation. The SCIENTA ESCA 300 is based at RUSTI at the Daresbury 
Laboratory. It has a rotating anode and provides high resolution XPS. The analyses 
were performed using the rotating anode monochromator and flood gun. The mean 
radius Ro, (Equation 3.7) for the ESACALAB analyser is 150 mm and 300 mm for the 
ESACA 300. The typical analysis conditions for the two spectrometers are given in the 
following table :
Region Analyser
Pass
Energy
Resolution Step Size i Dwell
Time
Number
of
Scans
Time
for
Region
ESCALAB Survey 50 eV 1.2 eV 1 eV 200 ms 1 200 s
Mkll High
resolution
spectra
20 eV 
20 eV
0.5 eV 0.1 eV 
0.2 eV
200 ms 
200 ms
5
5
400 s 
200, 
100 s
ESCA 300 Survey 300 eV 0.9 eV 1 eV 100 ms 1 2 min
High
resolution
spectra
150 eV 
150 eV
0.38 eV 0.05 eV 
0.05 eV
100 ms 
100 ms
5
5
5 min 
5 min
Table 3.3 : Typical analysis conditions used for the ESACALAB and the ESCA300.
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3,1.4 Spectral Interpretation
On examination of a photoelectron spectrum obtained by the radiation of the surface of 
a sample, with a non-monochromatic source, one may observe a series of peaks on a 
background which generally increases in high binding energy (low kinetic energy) but 
also shows step-like increases on the high binding energy side of each significant peak. 
The peaks reflect the discrete binding energy of the electrons which have left the 
surface specimen without losing any energy (elastic photoemission process). These 
peaks form the primary structure of the spectrum. On the other hand, electrons having 
lost energy within the solid (inelastic scattering process) contribute to the background 
and are especially responsible for any step in the side of higher binding energy of each 
peak. They form the secondary structure of the spectrum. Primary and secondary 
structures are the subjects of the next two sections. An example a survey spectrum of 
PdVF is in given in Figure 3.11.
- CIS
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Figure 3.11 : Survey and Cls high resolution spectra of a PVdF sample using, AlKa 
source, after [124].
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3.1.4.1 Primary Structure
3.1.4.1.1 Core Levels
A single element can give rise to several lines due to the emission of photoelectrons of 
different core orbitals (s, p, d, f, etc). The ratios between the intensities of these 
different lines help in the identification of the element. For example, in the spectrum of 
elemental copper, Cu2p3/2 line has the highest intensity, while Cu 3 s line is only 10% of 
the most intense one (Cu2p line). [122]. Moreover, in quantum chemistry, the orbital 
angular I and spin j  momenta of the electrons are quantified. As a consequence of this, 
all the electronic levels (except the s levels), are split in two due to the electron spin- 
orbit coupling. The doublet separations increase with the atomic number Z. Before Z = 
20 (calcium), it is impossible to split the 2p levels. From this Z value, splitting occurs 
in both mono and unmonochromatic sources. At Z = 29 (Cu), the doublet separation is 
equal to 20 eV. The intensities of the components of these doublets are proportional to 
[2(l+s)+l], Table 3.4 shows the quantum numbers corresponding to the spin-orbit 
couplings, and the ratio of the intensities of the different doublets. In order to identify a 
element, all the characteristic lines with their doublets should appear on the spectrum 
with the correct intensity ratios.
Level 1 s i = i + s Peak assignment 2 j + 1 Intensity ration
1 y? 3/72 p3/2 4
P
~ Y Yi P1/2 2 1:0.5
2 Yi 5 //2 d5/2 6d ~Yi 3/72 d3/2 4 1:0.66
3 Y V/2 f7/2 8f ~Yi 5 /72 f5/2 6 1:0.75
Table 3.4 : Quantum numbers of the spin-orbit coupling and the intensity ratios of the 
doublet lines of the first 1 sub shells.
3.1.4.1.2 Valence Levels
As well as peaks arising from the emission of core electrons, a band structure coming 
from the emission of valence band electrons will appear in the spectrum. Nevertheless
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the intensities of these structures are lower. The valence band spectra are related 
closely to the occupied density of states structures. Valence band electrons can be 
studied in a more efficient way at much higher resolution, using ultraviolet 
photoelectron spectroscopy (UPS).
3.1.4.1.3 Augers Series
Augers peaks can also been observed on the photoelectron spectrum. The process of 
their emission has been already described in Section 3.1.2. Four principal Auger series 
can be observed in conventional XPS [107] : the KLL* series (from boron to 
magnesium), LMM series and MNN series.
3.1.4.2 Chemical Information Obtained from the Primary Structure
3.1.4.2.1 Core Levels Chemical shifts
The core electrons are characteristic of the elements because they do not take part to 
the chemical bonding. Nevertheless, the potential at the core shell levels is perturbed 
due to the existence of more or less polar chemical bonds. As a consequence, the 
photoelectron lines are slightly shifted. This change in the binding energy was called 
chemical shift by analogy with nuclear magnetic resonance (nmr) spectroscopy, gives 
information of the chemical environment of the atom. The chemical shifts which alter 
also the Auger peak positions, were discovered in the early days of XPS [103] and it is 
for this reason that XPS was given the name (which is still in use) of electron 
spectroscopy for chemical analysis (ESCA). The study of chemical shifts allows the 
determination of the existence of non equivalent atoms of the same kind in a molecule, 
and to an certain extent, the identification of the bonds formed by the atom. Non­
equivalence of atoms can also arise from the difference in either formal oxidation state 
[125]. Table 3.5 shows the binding energies carbon Is can have, when it is bonded to 
different elements.
* In Auger electron spectroscopy (AES) the K, L, M, nomenclature is used while in XPS the, s, p, d, 
description is more common.
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c o m p o u n o
HfC
T(C
WC
C(graphite)
(CHa).:’
SnPfv,
MeCH,NH,
MeCHjCt
MeCH,OH
MeCHaOEt
MeOH,OOCMe
CS,
Fe^CO),
UejOO
(NH^CO
CJF*
MeCOONa
MeCOOEt
MeCOOH
Na,CO,
NaHCO,
CO
CO,
<CHFCH,)„
(CHFCHF)„
(CHFCFJ„
(CF,CH^„
(CFaCHF).
<CF,)„
CF3COONa
ca.
CF^COMe
CF,COOEt
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284 288 292 296
RH1
RH1
RH1
HJG
<C
8CO
BAL
6HH
PFD
GHH
GHH
GHH
GHH
GHH
BC1
GHH
GHH
GHH
GHH
GHH
GHH
GHH
GHH
8C1
GHH
CFK
CFK
CFK
CFK
CFK
CFK
GHH
GHH
GHH
GHH
Table 3.5 : Carbon Is binding energies, after [126],
The chemical shifts are the reflection of the partial electric charge q on the atom. 
Binding energy and molecular charge distributions may be related according to 
Equation 3.12, assuming that final state effects can be neglected. This is true for 
polymeric systems and is described later on in this section..
E B i ~  E Bi + k 4 i +  2 Equation 3.12
where
'Bi
JBi
k
shifted level 
reference level
partial electric charge on the atom
constant depending on the definition of the atomic charge. It 
is approximately equal to the one-centre repulsion integral
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between a core and valence electron on atom I [127]. Values 
of k of different elements have been given somewhere else
[128].
qj = intramolecular Madelung potential arising from charges on 
rij the other atoms in the molecule [129]. In a first
approximation, this term can be neglected [122].
The electric partial charges q; can be calculated by means of very complicated 
calculations or estimated by means of empirical formulae. The simplest way is the use 
in Equation 3.13 [122], [129] :
<li ~ Qi + ^  nly Equation 3.13
where qt ~ partial electric charge hold by the atom
Qi = formal charge on the atom i
n = numbers of bonds
^ jl jj  = the partial ionic character between atoms z and j.
For a i-j bond, the partial ionic character I can be determined using Pauling
electronegativity values according to Equation 3.14 :
Iij = 1-exp (-0.25(Xi-Xj)2) Equation 3.14
where Xi and Xj are respectively the electronegativity of the atoms i and j.
The following example gives the calculation of the electric partial charge qc-o-H of 
oxygen in C-O-H bonds.
The electronegativity of these elements are Xc = 2.5, X0 = 3.5, XH = 2.1.
The partial ionic character of C -0 bond is IC-o = l-exp(-0.25(2.5-3.5)2) = -0.22 
The partial ionic character of O-H bond is Io -h  = l-exp(-0.25(3.5-2.1)2) = -0.39 
IC-o and I 0 -h are negatives because the oxygen is the most electronegative.
O is bonded to only one C and one H therefore n = 1 
The formal charge of O is Q = 0 
Therefore qc-o-H = 0-0.22-0.39 = -0.61
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By inserting qc-o-H calculated above in Equation 3.12 and taking the values of k and 
E°m from table, the value of the shifted binding energy of oxygen in C-O-H bonds is 
calculated.
The electric partial charges are used in order to establish a binding energy-partial 
charge correlation for a particular element. These relations which are reasonably linear 
help to predict the binding energy knowing the partial charge and vice-versa. 
Nevertheless the accuracy of the results is not great [122]. The electric partial charge 
on Cls, Ols, FIs, N ls Cl 2p3/2, Ti 2p3/2, Cr 2p3/2, Rh 3d5/2, Pd 3ds/2 and Zr 3d5/2 have 
been calculated recently using quantum mechanical calculations [130]. Figure 3.12 
shows an example of the plot of the graph in the case of Cl 2p3/2 line. The relative 
binding energies of polymers such as, fluoro homopolymers and fluoro copolymers, 
nitroso rubbers and other organic compounds have also been determinate using 
quantum mechanical calculations [128], [129], [131], [132], [133].],
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Figure 3.12 : Cl 2p3/2 electron binding energy-atomic charge relation, after [130],
Primary and secondary shifts. To a first approximation, the atom concerned is 
influenced by the element with which it is directly bound. Thus, its binding energy is
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affected by a primary shift or a  shift (Figure 3.13). The binding energy of an atom may 
also be shifted due to the influence of atoms bonded to a adjacent atom. This shift is 
secondary shift or p shift. The study of secondary effect has been carried out on 
binding energies of fluorinated polymers [129], [130]. It has been observed that these 
effect are much smaller than the primary effects.
H c h 3
| p shift
- ( C  — 9 * r
1 1 a shift
H C =  0
0
c h 3
Figure 3.13 : a  and P shifts on PMMA
Final state effects. The binding energy of a hole state is usually defined as the 
difference between the initial and final sate of the species containing the core hole
[129], The simplest calculations of the binding energies are made assuming that 
Koopmann’s theorem is valid i.e. that electron orbital remains frozen during 
photoemission [134], This assumption neglects the contribution that occurs from the 
change in electron screening arising from other electrons in the solid or within the same 
atom or ion. However, it is now accepted that the greatest contribution to the binding 
energy shifts results in final state effects (polarisation of the surrounding ions, core 
hole screening, relaxation of orbitals (true for inorganic materials, less true for 
polymers), and the outward flow of electrons. The result of these effects is a smaller 
binding energy compared to that predicted by Koopman’s theorem. Relaxation occurs 
when an outer electron collapses into the inner core hole. Nevertheless, it is assumed 
that the relaxation energy is constant in most bulk materials for a given atom and 
therefore good correlations between chemical shifts and one electron ionisation 
energies can be achieved.
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3.1.4.2.2 Valance Band Structure
The study of the valence band spectra gives molecular orbital information. The 
spectrum needs to be recorded at high resolution i.e. monochromated XPS or UPS. It 
helps in the understanding of the electronic structure of alloys, [115]. In the case of 
polymers, it has been demonstrated the sensitivity of valence band spectra to various 
types of isomerisation (structural, stereo) [135]. A study on valence energy levels on a 
serie of polyacrylates has been reported [127]. Valence electron structural information 
from UPS/XPS studies of organic polymers has been reviewed [136].
3.1.4.3 Secondary Structure
As it has been mentioned earlier in Section 3.1.3.2.2, X-ray satellites arise when 
achromatic radiation is used. They create additional peaks of low intensity which occur 
at a constant distance below the main photoelectron peaks [106]. X-ray satellites 
appear when the characteristic transition are exited by the minor components of the 
X-ray spectrum such as AlKa 3 , 4 ,  AlKa 5,6 and AlKp. These features are always present 
in spectrum which has not been recorded with a monochromatic source and cause 
difficulties if they fall at the same binding energy as an element present in small 
quantity. Table 3.6 shows examples of the position and relative intensities of some X- 
ray satellites.
X-ray Line Mg A1
Separation 
from K(, 1.2 
<eV)
Relative intensity 
(Ko 2^  -100)
Separation 
from Kft 12 
(eV)
Relative intensity 
(Kaw-100)
K’a 4.5 1 5.6 1
Ka3 8.4 9.2 9.6 7.8
Ka4 10.0 5.1 11.5 3.3
Ka5 17.3 0.8 19.8 0.4
IQl6 20.5 0.5 23.4 0.3
Kp 48.0 2.0 70.0 2.0
Table 3.6 : High energy satellite lines from magnesium and aluminium targets, after 
[125].
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X-rays ghosts are due to the presence of impurity elements in the source. The 
appearance of these features may be a result of ‘crosstalk’ in dual anode X-rays, 
arising from anode misalignment, radiation from the anode not in use, or from the 
CuLa line being emitted from a damaged anode. The X-ray ghost the most commonly 
met is A1K«i,2 from a MgKa source. This results in the production of secondary 
electrons inside the source hitting the thin aluminium window. This radiation will 
therefore produce weak ghosts from 233 eV to higher the kinetic energy.
Shake up satellites may also appear on the spectrum when the core photoelectron 
simultaneously interacts with a valence band electron and excite (shake up) it to a 
higher energy level, before leaving the atom. The kinetic energy of the outgoing 
electron is then reduced, giving rise to a satellite structure a few electron volts above 
the binding energy of the core level position. Such features are quite rare and occur in 
the case of the 2p spectra of d-band metals and that of the bonding to antibonding 
transition of n molecular orbital electron (n -> 7 t*  transition) in aromatic organic 
compounds [106]. Shake-off satellites appear when the valance electron is completely 
ejected from the ion. They usually contribute to the broadening of the core level signal 
and to the background.
Multiplet splitting, also known as exchange or electrostatic splitting of core level peaks 
may occur in a compound that has unpaired electrons in the valence band, and arise 
from different spin distribution in the electrons of the band structure.
3.1.5 Depth of Analysis
The depth of analysis is determined by the ability of an electron of to leave the solid 
surface. It is related to the inelastic mean free path (A, or IMFP) which is the average 
distance travelled by the electrons before inelastically colliding with other elements of 
the materiel. A depends on the material properties and the kinetic energy of the 
electron and varies as a function of . One relation among the various existing has
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been proposed by Seah and Dench [137] (Equation 3.15), for elements with energies 
between 0 and 10 000 eV above the Fermi Level. Compilations of A, values have been 
reported in the literature by Tanuma et al, on a range of organic and inorganic 
materials [116], [138], [139].
538aJJ O U A I--------------A = ---------+ 0.41 aA^jaAEA Equation 3.15
E a
where EA = kinetic energy of the electron (eV)
aA = volume of the atom (nm3)
A = inelastic mean free path (nm)
The intensity of electrons (Id) emitted from a depth (d) is governed by the
Beer-Lambert relationship :
I d= L  expf■ Equation 3.16V/L sin 07
where Id = intensity of the emitted (or attenuated) electrons (kc.eV.s'1)
I^ “  intensity from an infinitely thin clean substrate (kc.eV.s"1)
d = overlayer thickness from where the electrons are emitted (nm)
0 = electron take off angle (TOA) relative to the sample surface (°)
X = inelastic mean free path of the emitted electrons in the substance
material (nm)
The demonstration that the intensity depends on the distance travelling trough the
material (in other word d) is illustrated in Figure 3.14 and given below. Considering
electrons emerging at 90° to the sample surface,
some 63% of the signal will emanate from a depth of A (Id=x= 0.63 Lo)
some 86% of the signal will emanate from a depth of 2A (h=2k = 0 86 I*,)
some 95% of the signal will emanate from a depth of 3 A (Id=3x = 0.95 Lo)
Therefore, the vertical depth of analysis for XPS is easily approximated using 3 A sinG
and will vary as a function of the kinetic energy of the photoelectron analysed as
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X oc . Changing the source affects the value of the analysis depth. Indeed, as it
has been seen above, analysis depth and kinetic energy are related. The choice of 
source in the twin anode configuration will have the result of changing the kinetic 
energy of a given photoelectron (Equation 3.1). There is a 233 eV difference in the 
photon energy between AlKa and MgKa. This will have the effect of reducing the 
depth analysis by about 1 nm when MgKa is used compared to AlKa. Finally, it is 
established that the depth of analysis (TOA) can be affected by the roughness of the 
surface [140].
e l e c t r o n  s ig n a l  
( l O O O e V )X - r a y  p h o t o n s
C n m )
I  -  l o  e x p  C - c l / X
Figure 3.14 Electron emission as a function of depth, the horizontal dash lines indicates
a distance from the surface of one inelastic mean free path (X), after [106]
In the case of polymer, X is assumed to be equal to 2.5 nm and d equal to the 3X sin 0. 
The depth analysed at different take off angle is given below :
For 0 = 15° d = 2 nm
0 = 15° d = 5.3 nm
0 = 15° d = 7 5 nm
3.1.6 Quantification
There are three basic alternative routes to quantification [[141], (a) calculations bases 
on first principles, (b) the use of published data bases and (c) the use of locally 
produced standards and local bases to determine sensitivity factors.
69
Chapter 3 : Experimental Techniques
The intensity of a photoelectron peak from an homogenous solid is rather complex and 
is reviewed in detail by Seah [141]. A simplified form is given by the following relation
I = JpaKA, Equation 3.17
where J = photon flux
p = concentration of the atom or ion in the solid
a  = cross section of the photoelectron production defined as the
transition probability per unit of time for excitation of a single 
photoelectron from the core level of interest under an incident 
photon flux of 1 cm'2 s'1, a  depends on the source energy hv, the 
binding energy of the considered electron EB, the atomic number 
(Z) and the relative directions of photon incidence and 
photoelectron emission (((>) [111].
K = a term which covers instrumental factors such analyser
transmission function and detector efficiency 
a , — inelastic mean free path
Cross sections have been calculated by Scofield for both AlKa and MgKa radiation 
[142]. The peak intensities can be measured according to two different methods, peak 
heights and peak areas. At a first approximation the peak heights can be considered as 
the signal intensity. It is the usual approach when considering a survey spectrum. 
However the peaks have different shapes and widths and it is why the peak areas are 
used for quantification. For this, it is necessary to define the area to be integrated by 
subtracting the rising background associated with every peak. Background removal by 
a straight line interpolation gives a subjective value for the peak area very sensitive to 
the integration points, and the method normally adopted is that of Shirley [114] in 
which the background intensity is allowed to increase in proportion to the integral of 
the peak area lying above it. Equation 3.18 can be used for direct quantification (the 
so-called first principles approach), however atomic sensitivity factors (F), 
experimentally determined are more usually used [106]. The parameter F includes the 
terms a, K, X and also additional features of the photoelectron spectrum such as
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characteristic loss features. A comprehensive set of empirically derived sensitivity 
factors have been published by Wagner et al which are used at Surrey [143]. Other 
authors have also studied sensitivity factors and have showed that empirical factors 
vary considerably from those theoretically calculated using Scofield’s photoelectron 
cross sections, but were in good agreement with other experimentally determined 
databases [144],
Once a set of sensitivity factors has been established for a particular spectrometer, they 
are stored in the computer data system. The quantification may then been achieved by 
dividing the peak area by the sensitivity factor, and expressing as a fraction of the 
summation of all normalised intensities, according to an equation of the form o f :
[A] atomic % =
T l
f a
E -^  F
xlOO Equation 3.18
This Equation is valid only if it can be assumed that the X-ray flux remains constant 
during the experiment (which is the case) and that the specimen is homogeneous within 
the volume sampled by XPS. The last assumption is rarely true but the above method 
provides a valuable means of comparing similar specimens.
3.1.7 Difficulties with the Surface Analyses of Insulators
The observation of photopeaks in the spectra of insulating samples reveals that their 
binding energies are shifted a few eV to higher binding energies. This is due to a 
energy referencing problem [145], [146], [147], [148]. This is a combination of two 
independent but interrelated problems, namely the lack of Fermi edge coupling 
between the spectrometer and the sample, and charging shift due to the accumulation 
of positive charges on the surface of the specimen. These two effects are extremely 
difficult to separate and are often collectively detected as part of the same 
measurement [145], [147]. These two problems represented by the global term 8E in 
Equation 3.1, are described in details in the following sections.
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3.1.7.1 Lack of Fermi Edge Coupling
Equation 3.1 in Section 3.1.2 has been written according to the assumption that the 
Fermi levels of the sample and the spectrometer are aligned. This is true for metallic 
specimens but not for insulators for the simple reason that a non-conductive material 
has no Fermi edge [145] (band gap). In an insulator, the occupied valence band is 
separated from the empty conduction band and the electrons do not have enough 
energy to jump the gap, while in the case of a metal, the bands overlap and the 
uppermost occupied state is the Fermi level [12], [125]. The establishment of a Fermi 
edge requires, therefore, the presence of electrons in the conduction band that true 
insulators obviously do not have. In other words, an insulator does not have enough 
electrons available to allow the establishment of electrostatic equilibrium (Fermi edge 
coupling) with a good conductor. Actually, there is no mechanism which enables the 
coupling to the Fermi level of the spectrometer. For this reason, the lack of Fermi level 
coupling, sometimes called “floating Fermi edge”, is perhaps more annoying than the 
charging problem, since it would appear that given the correct circumstances the latter 
may be removed. This has the consequence that the zero Fermi edge of the 
spectrometer can not be taken as the reference of the binding energies, and the exact 
binding energy of the sample depends not only on the spectrometer work function but 
also on that of the sample and is calculated in regards to the vacuum level. This is 
explained below and illustrated in Figure 3.15.
Consider the analysis of an insulator by XPS. The binding energy EBm calculated by the 
spectrometer and relative to the spectrometer Fermi level is given by the relation
hv = EBm + Ek + Osp Equation 3.19
where hv = X-ray Photon energy (eV)
Ek = Kinetic energy of the emitted photoelectron measured by the
spectrometer (eV) 
d>sp = Spectrometer work function (eV)
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Figure 3.15 : Energy level diagrams for insulator sample (or conductive sample which 
has been isolated from the spectrometer) showing charging *F and its removal, after 
[146], [149].
The surface potential of the sample, 'F increases as a result of the accumulation of 
positive charges on the surface. Define asOe the energy needed to compensate solely 
for the residual charges left by the ejected photoelectrons i.e.Oe is the energy needed 
to remove *F and bring the electron from the sample vacuum to the spectrometer 
vacuum level. The exact binding energy Eb of the photoelectron is expressed as 
following:
hv = Eb + Ek + Os H Oe Equation 3.20
where Os is the work function of the sample.
The difference between the measured and real binding energies is hence equal to :
Eb - EBm = Osp - Os + Oe Equation 3.21
The charge is never accurately compensated and the work function of the specimen is 
difficult to know with accuracy, the exact position of the peak is therefore difficult to 
determine.
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3.1.7.2 Charging Shifts
The continuous emission of photoelectrons causes the establishment of a positive 
potential on the sample surface of an insulator. The subsequent electrons must 
therefore first overcome a slight positive charge on the surface before leaving the 
specimen and consequently lose a small amount of kinetic energy. The photoelectron 
will then appear in the spectrum with a apparent higher binding energy (Equation 3.1). 
As more electrons leave the surface, more positive charge is left until eventually the 
surface may charge positively up to 1 keV so that only the highest energy 
photoelectrons escape from the surface specimen and the lines become badly 
broadened [150], [151]. This is illustrated in Figure 3.16 [150]. Charging shifts are 
characteristic of the sample; they are strongly dependant on the photoelectron cross 
sections and their magnitude is a function of the surface composition [152]. The shift is 
generally in the range of 2 to 5 eV in non monochromated XPS.
<bl
(a)
1200 1000 800 600
Binding energy (eV)
200
Figure 3.16: Survey scan spectra from quartz with monochromated X-rays with (a) 
flood gun on and (b) flood gun off, after[150].
In the case of the use of a twin anode, the depletion of electrons is partially 
compensated by the photoelectrons emitted by the aluminium window. In general, the 
neutralisation is not completed and a small steady-state positive charge potential, 5E is
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left on the sample surface. 5E corresponds to the difference between the apparent and 
the true binding energies. In general, the value of 5E is fixed for a given sample in a 
given situation. (It may change if the sample is moved, as in angle-dependant 
measurements). If the sample is heated or degraded during the analysis, 5E may also 
change.
It happens sometimes, that despite a partial electron compensation and therefore 
stability of the line position, the peak may be distorted, broadened or even “doubled 
up”. These peak deformations are the result of a spatial variation in the potential across 
the illuminated area. This is known as differential charging (DC) and shown in Figure 
3.17. This effect may be categorised into two different aspects, namely lateral (LDC) 
and vertical (VDC) differential charging, according to the difference in the directions 
of the non-homogeneous distribution of the potentials on the sample surface. LDC 
relates to the direction that is parallel to or run along the sample surface and studies on 
this type of charging have been reported in the literature [145], [151], [153], [154], 
often under the simple name of DC. It arises when there is a non-uniform overlayer 
present on the surface [154], [155].
VDC concerns the differential charging occurring perpendicular to the sample surface. 
The concept was first proposed by Barr [145]. It has been shown that the phenomenon 
of charging in XPS, especially in a monochromated XPS system, appears not only in 
insulating samples but also in thin insulating films on a conductive substrates [153], 
[156]. Before 1991, it was assumed that absolutely no charging effects were occurring 
in very thin insulating films on a conductive substrates [156], VDC is caused by the 
vertical non-homogeneous distribution of the distribution of the potentials resulting 
from the incomplete flow of electrons from earth to the positive vacancies in the 
overlayer. VDC may also affect the spectral resolution and has been used to account 
for a variation in the binding energy shifts of the Cls peak, as the thickness of PMMA 
was increased [156].
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Figure 3.17 Model explaining the line shape distortion from surface charging, after 
[155], [157]. Charges distribution on the surface arises from the emission of 
photoelectrons under the x-ray spot (a) and give rises to a positive potential 
distribution (b) which is responsible for the distortion of the XPS peak (c).
3.1.7.3 Charge Referencing Techniques for Insulators
The energy referencing problems have lead to the examination and implementation of a
variety of procedures which are, unfortunately, not panaceas. A description of the most 
commonly employed techniques is given below
3.1.7.3.1 Use of an Electron Flood Gun
Low energy electron flood gun is often used to compensate the surface charging effect. 
It should be used especially when a monochromated source is employed with insulating 
samples. In a achromatic source, X-rays from the Bremsstrahlung continuum hit the 
aluminium window, creating secondary electrons that help to neutralise surface charge.
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In a monochromatic design, the Bremsstrahlung have been removed and the window if 
present is further from samples, thus there are no electrons arriving at the surface to 
neutralise it and therefore the use of a monochromatic source without flood gun would 
in fact make the spectral resolution worse (Figure 3.16). A flood gun is relatively 
ineffectives in the case of insulators, when it is used with a twin anode for the analysis 
of thick insulating samples as the X-ray footprint is heterogeneous and too large for 
efficient compensation. Because it is difficult to know the exact value of the positive 
potential provided by the emission of photoelectrons, it is difficult to achieve absolute 
charge compensation. Therefore, the flood gun may deliver sometimes an excess of 
electrons to the surface and an excess of negatives charge may be established across 
the surface [157]. The peak position may then appear at a lower binding energy than 
expected.
The removal of charging shifts by the application of an electron flood gun was first 
demonstrated by Huchital and McKeon [158]. The apparatus consists essentially of a 
tungsten or tantalum filament which feeds electrons to a cylindrical cathode assembly, 
such both the current and electron energy may be controlled. The use of this device 
allows the specimen surface charge to be managed and made uniform. A Huchital and 
Me Keon type of flood gun is given in Figure 3.18.
Electron spectrometer
X-ray tube Flood 
-= r~  9 un
EZZZZZZZZZZZZ2
SampleAl window
Figure 3.18 : Flood gun arrangement, after Huchital and McKeon [158].
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A flood gun may not give satisfactory results for discontinuous system (e.g. powders) 
that produce differential charging ([145], [147], [159]), unless it is used in an optimum 
range of energies within which the peaks are not broadened by differential charging 
and peak separations remain fixed. This range was found to be from 4 to 6 eV when 
using a monochromatic AgLa radiation [160] and when used in its optimum 
conditions, the flood gun can play an important role in gaining chemical state 
information. The efficiency of a flood gun on sample stabilisation depends not only on 
the potential of the gun and the form of the sample (e.g. sheet or powder), but also on 
the orientation of the gun to the sample surface. [150]. It can also be improved by 
using the flood gun in conjunction with a metal screen in close proximity to the sample 
[157], [161]. However, removing the charging shift of an insulator using this 
procedure does not promote Fermi level coupling [146]. This means that either 
determination of the sample work function (e.g. use of the vacuum level), forced Fermi 
edge pinning or binding energy referencing are still required to achieve valid binding 
energies [159], [160].
3.1.7.3.2 The Auger Parameter
Another procedure for circumventing the charging problem is to use parameters that 
are independent of both charging shifts and the floating Fermi edge problem. The most 
commonly used is the Auger parameter. It is related to the chemical environment of the 
ionised atom [162] and thus its empirical measurement will lead to an important source 
of chemical information [163]. The concept of Auger parameter was first introduced 
by Wagner [164] and expanded upon Castle and West [165]. It was originally defined 
as :
a  = EK(ijk) - Ex(i> Equation 3. 22
where a  = Auger parameter
EK(ijk) = kinetic energy of the Auger transition ijk (eV)
EK(i) = kinetic energy of the photoelectron emitted from atomic level 
r  (eV)
* / is often equal to i , j  or k.
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This expression is often written in terms of the binding energy of the electron of level /, 
i.e. :
a  = EK(ijk) + Eb(1) - hv Equation 3.23
However, these expressions can produce negatives values of a  and therefore a 
modified Auger parameter, a* is introduced which is independent of photon energy 
[166] :
a* = a  + hv = EK(ijk)+ Ebo) Equation 3. 24
Tabulations of a  and a* have been made for many elements by Wagner [164] [167], 
Their values also help to identify the extra atomic relaxation energies and hence the 
polarizability of the bond in question [163], [168], [169].
3.1.7.3.3 Use of Internal Charge Reference
The binding energies of some specific peaks of key elements in the sample spectrum 
are assumed to be fixed and hence can be taken as reference [170]. This method has 
been particularly used for polymer systems where it has found reliable application in 
the study of chemical shift [127],
Cls line produced by adventitious carbon-based contamination can also be taken as 
internal reference. This contamination can occur by the adsorption of residual gas on 
the sample surface, especially in older instruments (non UHV) with oil diffusion 
pumps. Cls peak is fixed at 285.0 eV and all the other peaks are referenced to it. This 
method has been reviewed by Swift [171] who concluded that this technique must be 
used with caution. The first weakness lies in the fact that the shift caused by charging 
and the lack of Fermi edge coupling sample / spectrometer, are independent effects. To 
artificially move a peak by the distance equal to the Cls peak, may therefore not be 
sufficient to compensate the lack of Fermi level coupling . The second disadvantage of 
this technique is that the position of Cls peak can have a variation as much as 0.4 eV 
(from 284.0 to 285.0 eV). Factors which can affect the measurement of Cls binding 
energy from adventitious carbon contamination, and its subsequent use for energy 
referencing, include :
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a) the chemical state of the carbon in the contaminating layer [172],
b) the thickness of the adventitious layer [173],[174], [175],
c) specimen preparation and surface treatment effects [173]
d) the accuracy of the energy calibration of the spectrometer on which it is determined 
[176], [177].
3.1.7.3.4 Use of External Charges References
This method consists of artificially contaminating the surface with organic compounds 
or metals. The deposit can be either a thin layer or in islands. Care should be taken to 
ensure that the calibrant neither decomposes nor reacts with the specimen and that the 
binding energy observed for the reference material is characteristic of the bulk.
The organic contaminant is usually a saturated hydrocarbon which may be spread on 
the surface by means of a spatula [124]. Once the surface has been contaminated, this 
becomes the case described above in Section 3.1.7.3.3.'
Noble metals are used as calibrants in XPS because of their general inertness. The most 
commonly employed is gold. A thin layer is evaporated on the surface, preferably 
in situ to avoid contamination. Studies have shown that the conditions necessary to 
obtain electrical equilibrium, and therefore exact charge compensation depend on the 
thickness of coverage [178], [179], [180]. Nevertheless, despite the thin layer of gold, 
a signal will still be able to be obtained from the substrate beneath it. The peaks 
positions will be referred to the Auf4/2 line. The major concern with this technique is 
that the sample may be altered. A variant of this approach was developed at the 
University of Surrey in the mid-eighties [181], under the name of “bias referencing” by 
Castle et al. Instead of coating the sample with a uniform layer of gold, a single dot 
was deposited on the sample surface. A flood of electrons on the surface allowed the 
coupling of the Vacuum level of the sample with that of gold, permitting accurate 
measurement of peak positions. However, the binding energies measured were 
dependent of the work function on the noble metal.
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3.1.7.4 Other Features Characteristics to the Analysis of Insulators
This section will treat especially the problems faced with polymers but is valid for the
other insulators. Usually, the polymers, are mounted on the stub using a doubled-sided 
tape. However, concern is often expressed about the possibility of silicone 
contamination from the release agents used in adhesives tapes. The spread of this 
contamination may be quite rapid. It has been reported that the migration of silicone 
along and across low density polyethylene (LDPE) progressed of several centimetres in 
ten days at room temperature and pressure [182].
The stability of polymers under the X-ray beam is also a concern. Generally, polymer 
systems are reasonably stable under typical analysis conditions (duration of analysis, 
flux of photoelectrons, etc). However, prolonged exposures under the X-ray beam or 
increase of the flux density will often produce visual evidence of damage due to the 
radiation effects in the sample caused by high energy Bremsstrahlung radiation. Studies 
on decomposition of PVdF [183] and PTFE [119], [184], [185] have been reported. 
Cross-linking and chain scissions appear mainly due to the secondary electron emission 
[184]:
3.2. Static Secondary Ion Mass Spectroscopy (SSIMS)
3.2.1 Introduction
Secondary Ion Spectrometry (SIMS) is based on the sputtering phenomenon which has 
been known to physicists since the 1890s [186]. The emission of positive secondary 
ions was first reported in 1910 by Sir J. J. Thomson, when he bombarded a metal 
surface with a primary ion beam [187], Intensive studies on the production of ions by 
primary ions impact on surfaces carried on in the 1930s [188], [189], [190]. The first 
modern SIMS instrument was however built by Viebock and Herzog, in 1949 and the 
rapid progress of the technique started in the sixties with the development of ion 
optical design [186]. The first spectrometers were used for depth profiling (dynamic 
SIMS), where a high flux of primary ions was sent to the sample, eroding its surface
81
Chapter 3 : Experimental Techniques
and hence enabling surface composition changes with depth to be monitored. The 
spatial resolution of the two type of spectrometers developed in that time by Castaing 
and Slodzian, and Liebel was about 1 (im. It is only with the introduction of liquid 
metal ion sources by Prewet et al in the 1980’s that the spatial resolution 
(100-200 nm) improved. These sources operate by field ionisation of low melting point 
metals such as gallium from a sharp metal tip within a Taylor cone, and allow the 
production of very bright beams of diameters below 50 nm
The requirement of using a highly destructive primary beam flux for dynamic SIMS 
makes this mode of operation unsuitable for studying surface chemical compositions, 
despite its advantages of generating high secondary ions currents and reducing surface 
contamination [190], [191], [192]. In 1970, the analysis of the outmost monolayers of 
the surface sample was made possible by Benninghoven with a modification of the 
technique [193] which is called now static SIMS. He showed that the use of primary 
beam with a current density maintained very low (< InA. cm'2), could be generated in a 
time-scale which is very short compared to the lifetime of the surface layer. The 
secondary ions are therefore emitted from areas which were not previously damaged. 
The surface is then considered as essentially static. This technique implies therefore 
two features. Firstly, the information derived from the analysis is characteristic of the 
chemistry of the surface layer because no point on the surface is impacted more than 
once by the primary particle during the analysis. It allows not only the characterisation 
of elemental composition but also the chemical structure of the surface. Secondly, the 
use of very low primary flux density results in a very low yield of secondary particles 
and this imposes requirements of high sensitivity on the detection equipment.
The first report of Static SIMS being used for polymer surface analysis to complement 
XPS analyses was in 1980 by D. M. Hercules and J. A. Gardella at the University of 
Pittsburgh, (USA) '[194], [195], The accumulated dose from the polymer, during 
spectral acquisition, is sufficiently low for the surface to be essentially unpertubed 
during the measurement [110]. SIMS technique is a highly specific technique and 
enables all elements to be detected, included hydrogen. Sampling depth for polymer
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analysis is about 1 nm. Its major limitation is the relative inability to quantify the data 
produced.
The following section provide an overview on the principles and instrumentation that 
are relevant for the understanding of the analyses of polymer surface with static SIMS 
(SSIMS).
3.2.2 Principle
A sample surface is bombarded with a primary ion beam in the range of 2 - 30 keV 
[110], This leads to changes of the surface near the primary ion impact site and to the 
emission or sputtering of various species including backscattered primary particles, 
neutral and charges particles (atoms and cluster of atoms), secondary and Auger 
electrons, low energy photons. Only the charged species emitted which correspond to 
5% of the total material leaving the surface, are considered in SIMS. They are 
extracted into a mass analyser to yield, separately, positive and negative ion spectra 
[110].
3.2.3 The Secondary Ion Emission
The following general outline of the sputtering process is widely accepted. The energy 
coming from the primary bombarding particle is transferred to the atoms of the 
material via a complex collision cascade in a billiard ball type process. This gives rise 
to a cascade of inter-atomic collisions within the solid matrix. Some of these collisions 
cascades disappear deep in the solid, others return to the surface region causing the 
emission of atoms or atom clusters (sputtering) [186], [192], These secondary species 
are released at a point remote from the point of initial impact. The mechanisms 
involved in the sputtering phenomenon are far from being understood and are subject 
to considerable controversy. It is clear that they are a complex mixture of collisional 
dynamics and quantum mechanisms. The main question that still remains unsolved is 
whether the two processes of emission and ionisation occur simultaneously or 
consecutively. Numerous of different mechanisms have been suggested and reviewed
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in the literature [186], [188], [192], [196], [197], [198].. A review of some sputtering 
and ionisation models are considered veiy briefly below.
3.2.3.1 Sputtering Models
The hard-sphere collision model is typically considered because classical energy 
transfer equations can be used. This theory is based on Sigmund’s work and is 
primarily concerned with elastic collisions or knock-on sputtering. Three qualitatively 
different physical sputtering can be distinguished, these are known as the single knock- 
on regime, the linear cascade regime and the spike regime illustrated in Figure 3.19.
Target surface
Target surface
Incident ion
Incident ion
Target surface
Incident ion
Figure 3.19 : Diagrams of sputtering regimes by elastic collisions (after [199]) : a) the
single knock-on regime, b) the linear cascade regime, c) the spike regime.
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1) The single knock-on or prompt sputtering which occurs at 10'15 to 10'14 seconds 
after primary particle impact, is an almost direct collision process between the incident 
particle and the sputtered one. Energy transfer to the target is sufficient to generate 
primary recoils but these are generally insufficiently energetic to result in further 
recoils. If they have got enough energy to escape the surface such single knock-on 
recoils are ejected and sputtering takes places.
2) Slow collisional sputtering, also called the linear cascade regime occurs due to the 
internal flux of moving target atoms intersecting the sample surface between 10'14 and 
10'12 seconds after primary impact. The spatial density of moving atoms is so small that 
collisions between moving atoms are infrequent. This process is probably the most 
relevant to SIMS.
3) Slow thermal sputtering or the spike regime which occur at 10'12 seconds after 
particle impact is also a consequence of the movement of recoil atoms. However, the 
spatial density is high such that most of the atoms within a certain volume are in 
motion.
3.2.3.2 Ionisation Models
The nascent ion molecule model originally developed by Gerhard and Plog [192] for 
metal oxides has recently been applied to interpret the generation of ions from 
polymers [198], A schematic of this model is represented in Figure 3.20. This model is 
most helpful for the understanding of the emission of cluster ions. It suggests that the 
rapid electronic transitions which occur in the surface region will neutralise any ions 
before they can escape. Secondary ions are thought to result as a consequence of 
dissociation of sputtered neutral molecular species some distance from the surface 
where its electronic influence is much smaller. Energy transfer in the collision cascade 
in the sample gives rise to collision energy transfer between the atoms of the molecule 
leaving the surface. As a consequence, dissociative ion formation may occur with 
charge exchange during the dissociation of the molecule. This ion formation process 
results from the non-adiabatic dissociation of nascent ion molecules (neutral 
molecules).
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crFrcc ions
Ar
Surface
potential barrier
Nascent ion molecule 
no free chargeGeometrical surface
Collision scries in solids, 
inhomogencous in mass
Origin of 
collision cascade
Figure 3.20 : Basic processes occurring during the emission of clusters and ions 
according to the nascent ion molecule model, after [192]. These processes, shown for 
the interaction of a primaiy argon ion but are equally true for the interaction with other 
primary ions.
Cooks and 13ush considered that vibrational excitation m<vy impui uun m 
understanding the emission of cluster or molecular ions from organic compounds and 
advocated the desorption ionisation model [200]. This model emphasises that the 
process of desorption and ionisation can be considered separately and aims to 
rationalise the relative abundance of the ions observed in the SIMS spectra. It suggests 
that the energy is transformed into vibrational and thermal motion as far as the 
molecules are concerned. This leads to the desorption of neutral molecules. These ones 
are then ionised by chemical reactions which may be in two forms. In one hand, fast 
ion / molecule reactions or electron ionisation can occur in the uppermost layers (so- 
called selvedge region). In the other hand, in free vacuum, unimolecular dissociations 
may happen, governed by the energy of the parent ion giving rise to fragment ions.
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3.2.3.3 The Experimental Parameters
Static SIMS is concerned with bombardment of primary ions of low energy (100 eV to 
10 KeV) at low current density (< 5 nA). The secondary ion current of an element or 
species M, i f  depends on a number variables according to Equation 3.25 :
i f  = ipSR+9M ij Equation 3.25
where ip = primary particle flux
S = sputter yield of secondary particles emitted per primary particle
impact, laying between 1 and 10.
R+ = Ionisation probability
0M = fractional coverage of M
rj = transmission of the analysis system.
Equation 3.25 shows clearly that the sensitivity of the technique for a particular ion is 
governed by the sputter yield and the ionisation probability. The sputter rate for the 
emission of atoms is much greater than for ions (103 higher). It is therefore this 
parameter which primarily determines the rate of surface damage during the analysis. It 
has been shown experimentally that the secondary ion yield (the sensitivity of SIMS) 
varies with the following parameters : it increases with the beam energy, the beam flux 
and the primary particle mass. It also maximises at an impact angle of about 20° 
relative to the surface sample. It has been reported [221] that the ionisation probability 
is not affected by the mass, energy, and charge of the primary ion. It is only affected by 
the nature of the target and its chemical environment.
3.2.4 Instrumentation
The Instrument used for this work is a time of flight (ToF) mass analyser of the 
Poschenrieder type. This kind of ToF SIMS is named after W. P. Poschenrieder who 
first gave a description of the analyser in the 1970’s [201], [202], [203], The first 
application of a ToF instrument was however reported in 1981 [204] and since then 
the subject has been widely covered a lot in the literature [110], [123], [186], [191],
[192].
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The heart of any SSIMS apparatus is a combination of a primary ion source, excellent 
UHV conditions and a mass spectrometer to analyse the sputtered ions. The analysis 
chamber is similar to the one used in XPS with a vacuum in the range of 1.10" to
1.1 O'10 mbar.
3.2.4.1 Liquid Metal Ion Source
This source uses metals which are liquid at room temperature, such as gallium (used in 
this study), indium and caesium. The method of operation is as follows. The liquid 
metal wets, by capilarity, and flows over a fine tungsten needle with a radius of 
curvature of few micrometers at the tip. A high positive potential up to 30 kV is 
applied between the needle tip and an extractor. This results in the formation of a very 
sharp cone (Taylor Cone) at the needle edge where an intense positive ion emission 
occurs (Figure 3.21). The source obtained is very bright (in the range of 1010 to 
1011 A.cm'2 sr'1), highly collimated and can be focused and steered by conventional ion 
optics to produce submicron beam diameters, useful for imaging. In the case of a 
gallium source, both Ga69+ and Ga71+ ions are formed. The two isotopes are separated 
by a Wien mass filter ion and a high brightness Ga69+ primary ion is obtained.
Taylor ConeHeater
ExtractorLiquid metal
Figure 3.21 : Schematic of an liquid ion beam source, after [123] and [192].
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For ToF-SIMS ion gun must be used in a pulsed regime, i.e. the target is bombarded 
only for a short period of time. This pulsing capability is achieved by rapid deflection 
of the beam across a small aperture to minimise the beam effects on the surface sample. 
The pulse length can be varied between 4 and 50 ns, allowing either minimisation of 
the peak width or maximisation of duty circle, depending on whether mass resolution 
or analysis time is most important for any particular sample. This has the effect of 
degrading the ultimate resolution of the beam from ca 200 nm in the continuous mode 
to ca 1 pm in the pulsed mode.
3.2.4.2 Time of Flight Mass Analyser
This mass spectrometer is based on the fact that when ions are accelerated to a given 
potential in order to have the same kinetic energy, then, ions of different mass / charge 
ratio will have different velocities, according to the following equations :
where
eV = V2 mv2
V = Extraction field (in V)
e = Charge of the electron
V2 mv2 = Kinetic energy of the ion
m = Mass of the ion
V = Velocity of the ion
These ions, after passing through a region of field free drift space, are selected 
according to the time t they take to flight a given distance / between two electrodes in 
the analyser. The time t is characteristic of the mass ratio because the ions are 
accelerated under the same potential, as shown in Equation 3.26 :
I I \mt = — -  ,—_ J — Equation 3.26
v J W \  e
This system necessitates the production of secondary ions at a different point in time, 
whence the use of a pulsed primary ion beam. Between two pulses of primary ions, the 
secondary ions are emitted with a negligible time-scale (<10'12 s), are accelerated to
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about 5 kV, allowing the flight time over a distance of about 2 metres to be covered in 
100 jis and finally the data are computer processed.
The Poschenrieder energy-condensation analyser uses a curved electrostatic path. This 
system has been designed in order to compensate the loss of mass resolution due to the 
initial energy spread of the secondary ions : ions of different energy take trajectories of 
different lengths and the slower speed of the low-energies ions will be exactly 
compensated by the shorter flights path taken, forces the more energetic ions. Thus, 
the flight time is then only dependent on the mass of the ions and is independent of 
their individual energies. A schematic of a ToF-SEMS equipped with a Poschenrieder 
energy-compensation analyser design is shown in Figure 3.22.
Chevron channel plate 
detector at focal point 
of analyser
U H V  night tube 
to e lim inate scattering
Herzog fringe 
field terminationElectrostatic sectors 
giving precision 
toroidal 
electric field
- -Energy focusing 
plane Adjustable 
acceptance aperture
Binocular 
optical microscope
Htgh-cffictcncy 
extraction optics
Precision x ,y .z  and tilt 
control for high-stability 
stage
Figure 3.22 : Schematic diagram of a ToF SIMS instrument using a Poschenrieder 
energy-compensation analyser.
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The great advantage of ToF-SIMS spectrometer is that it has a parallel detection 
system. There are no ions which are discarded in the analysis method and it offers a 
quasi simultaneous parallel detection off all masses of the same sign of charge. A 
ToF-SIMS spectrometer has also convincing benefits for organic material analysis, 
comparing with the other mass analysers such as quadrupole or double focusing 
magnetic sector field instruments. The more complex the organic sample is, the greater 
the mass range in which the signal is required and greater mass spectral overlap is 
probable. ToF SIMS instrument can provide in theory an unlimited mass range, a very 
high mass resolution in the region of 50 000 to 10 000 and finally a very high 
transmission (up to 30% of all secondary ions) which is constant over the whole mass 
range. Mass resolution can be controlled by a variable diameter iris at the spectrometer 
entrance that restricts the acceptance angle of the system, although this also reduces 
the secondary ion transmission.
3.2.4.3 Surface Charging
When an insulating sample is bombarded by a positive ion beam, the surface electrical 
potential rises as a result of the bombardment of positive ions and the emission of 
secondary electrons. The potential can rise very rapidly by hundreds of electrons volts 
in few minutes, such that the kinetic energy of the emitted positives ions rise well 
above the acceptance window of the analyser. Table 3.7 summarises some effect of 
charge build up in ion and spectrometer.
Several methods of reducing or eliminating such charging effects on insulators have 
been described in the literature [198], [210], [205],[206], [207], [208]. The one which 
has been applied in this present study is the use of an electron flood gun. This method 
consists of irradiating the sample surface with a pulse beam of relatively low energy 
electrons. The theory is that the electrons will be attracted to the region of positive 
charge on the surface and hence the surface potential will return to neutral. This 
usually works quite well for positive ion SSIMS despite the surface potential never 
being completely neutralised [208]. However for negative ion detection, it is necessary 
to drive the surface potential negative in order for the negative ions to be released from
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the surface. This requires a higher flux of electrons, usually about ten times that of the 
ion flux. The comparison of positive and negative ion static SIMS spectra of polymer 
surface has been described elsewhere [209] and it has been concluded that negative 
spectra can be obtained as routinely as positive ones with careful regard to the 
experimental parameters which control surface potential.
Effect Explanation
Instrumental
Signal Instability Locally restricted discharges
Peak broadening and moderate signal 
reduction
Disturbance of emitted particles 
trajectories (beam defocusing).
Ratio of peaks with different energy 
distribution changes
1) Due to the different widths of the 
secondary ion energy distributions (atomic 
ions : broad, molecular ions : narrow) as 
an effect of changing surface potential, 
molecular ions will move out of the 
energy window earlier than atomic ions.
2) Potential barrier near the target 
surface discriminates in favour of fast 
(atomic) ions
Strong signal reduction up to complete 
loss of signal
Energy distribution of emitted particles is 
shifted and moves out of adjusted 
(energy) window, the potential barrier 
near the target surface repels emitted 
particles
In the target
Original depth distribution is changed Field induced migration of ions mobilised 
by ion or electron bombardment
Table 3.7 : Some effect of charge build up in electron and ion spectrometer, after 
[205].
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The flood gun has been already described in detail in Section 3.1.7.3.1. for XPS 
analysis. In ToF-SIMS, the electron source must be pulsed once every 5 (or maybe 10) 
pulses of the primary ion beam. The main problem is that if the electron energy is too 
high, sample degradation may occur with emission of electron stimulated ions (ESIE)
[192] or electron stimulated desorption (ESD) [206]. Alternatively, the charging effect 
may be reduced by the use of negative ions, conducting grids (like in XPS analysis), 
[205] and heating of the insulator to increase its conductivity. It has been shown [192],
[193], [106] also that the charging problem could be greatly reduced by using a neutral 
primary beam instead of ion beam. This modification in SSIMS is called fast atom 
bombardment (FAB) SIMS. This has never been demonstrated for ToF-SIMS and 
atoms beam, usually obtained by re-neutralisation of inert gas ion beam such as Ar+ can 
not be focused.
Investigations have been carried out also on the determination of the surface 
characterisation potential of SIMS [194] and the possible ion beam damage on 
fluoropolymers [195], [198], [211], [212], [213], [214], [228], [232], [238], [254] and 
polyethylene [210], [215], Conditions of ion beam and electron flood current densities 
have been determined to allow stable reproducible SIMS spectra with high 
signal / noise ratio [195]. It has been concluded that PTFE can tolerate large ion doses 
before its surface gets significantly damaged [195], whereas for PS, the critical ion 
dose for SSIMS conditions is 1013 ions cm'2 analysis"1.
3.2.4.4 Data Acquisition and Data Treatment
Data acquisition is performed using a data system based on a PDP11 computer, 
running a DEC RT11 operating system with VG Ionex software. The spectrum is 
plotted giving the mass/charge ratio (given in Daltons) versus the ions counts. An 
example of a static SIMS spectrum is given in Figure 3.23. The PDP11 computer has 
the advantage of being interfaced to a PC. This allows the transfer of numerical data on 
spreadsheets where calculations via macrofunctions can be performed such as 
normalisation. The normalisation is performed on the total counts of the spectra which
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are then multiplied by 105. This operation allows to give a number value which is 
numerically close to the actual values in many cases. The normalisation enables 
correction for any variation in operating conditions in order to perform comparison of 
the different spectra in a more quantitative manner.
3.2.4.5 Experimental Operating Conditions.
The instrument used for this present study is VG Ionex IX23L system equipped with a 
Poschenrieder mass spectrometer with a 30 keV M3G300PB pulsed liquid metal ion 
source. The typical experimental condition are summarised in Table 3.8.
Primary beam Ga+ ions with an energy of 20 kV
Specimen current 2-2.5 nA
Pulse width 20 ns
Pulse per pixel 32767
Number of Frame 50
Magnification x 500
Total ion dose/analysis in the region of 5.101U ions per cm'z
Mass range analysed 0-600 m/z
Flood gun 14 eV
Sample bias ± 5 kV, depending on charge of extracted 
ions
Table 3.8 : Experiment analysing conditions
3.2.5 Mounting of Thick Polymer Sample for ToF-SIMS
As seen above, static SIMS is an extremely sensitive technique. Sample mounting must 
be carried out with extreme care since any contamination on the sample will mask the 
signals characteristic of the sample structure. Stubs are therefore ultrasonically cleaned 
with methanol before any use. The tweezers are specific for SIMS samples and are also 
cleaned before each use. The mounting takes place under a lamillar flow hood, using 
single use gloves.
94
Chapter 3 : Experimental Techniques
Samples are cut in a small sheet form of about 0.5 x 0.5 cm2. They are placed on a stub 
sandwiched between two stainless plates to improve the charge dissipation during the 
analysis. The top plate is pierced with an aperture allowing the analysis of the sample 
surface.
3.2.6 Spectral Interpretation of Polymer Analysis
The molecular specificity of Static SIMS has allowed finger print spectra to be 
produced for series of polymers with very different chemical structure. It has been 
demonstrated quite clearly in a series of publications, that the SIMS spectra of 
polymers can be interpreted on the basis of back bone and side chain fragmentation 
sequences [195], [215], [216]. Figure 3.23 shows a normalised positive ion spectrum 
ofPVdF.
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Figure 3.23 : Normalised positive Static SIMS spectrum ofPVdF
It is clearly shown in the above spectrum that the peaks can represent ions which are 
either in atomic (12C+), repeat unit (64C2F2H2+)or fragments (31CF+) in nature and thus 
there is a direct relationship between the spectrum and the chemical structure.
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Nevertheless, some workers have suggested that clusters are formed as a result of 
recombination of atoms as they leave the surface. The aerie density of ions leaving the 
surface in static SIMS makes this process rather unlikely [186], [211].
Some studies have been carried out to make quantitative use of the high mass fragment 
ion intensities [217]. The study of the emitted fragments of a PTFE spectrum revealed 
the peak intensities reflected this following order [218] :
(CF2)nCF+ < (CF2)nC2F+ < (CF2)nC3F+ <(CF2)nC+ <(CF2)nC4F+ <(CF2)nF+ < (CF2)nC2+ 
< (CF2)n+.
Spectral acquisition is not straight forward and the optimisation and protocol of 
experiments are described later in Chapter 7.
3.3. R utherford Backscattering Spectrom etry (R BS)
3.3.1 Introduction
The conceptual framework on which backscattering spectrometry is based dates back 
to the beginning of the century. The backscattering experiment that bears Rutherford’s 
name was first carried out by Geiger and Marsden during the years 1909-1913 [219],
[220], to test and confirm the new model of an atom conceived by Rutherford in 1911
[221], The latter speculated that if the matter was comprised of regions of electrical 
charge that are more dense than others, then these regions could be detected by 
irradiating a target with alpha particles and observing if any of the particles were 
deflected. The experiments showed that some of these particles were deflected through 
very large angles. Over the next five decades, the study of RBS played an important 
role in the field which is known today as low energy nuclear physics. From the 1950s 
this technique developed significantly in parallel with the development of ion beam 
accelerators and the growing need for near surface analysis techniques. The 
development of ion-beam analysis techniques was such that they have graduated from 
research laboratory developments to routine tools used by high-technology industries 
[72], [222], [223], [224].
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RBS is considered as a powerful, non-destructive analysis method for determining the 
atomic composition of material as a function of depth [223], [225]. Until recently, it 
was mainly used for the study for metallic and semi-conductor systems (determination 
of the oxide layer and epitaxitial thickness, of the distribution of ion implants and 
impurities in the matrix and so on). In recent years, this technique has been applied to 
the study of polymers, especially to help the understanding of the diffusion process in 
these materials [41], [226], [227], [228], the catalytic processes at metal-polymer 
interfaces [229]. RBS has been well documented in the literature [230], [231], This 
section will only give a brief overview on basic principles and the instrumentation of 
this technique, relevant to this study of fluorinated polymers.
3.3.2 Principles
Rutherford backscattering spectrometry involves the bombardment of a target with 
accelerated alpha particles or protons (1-2 MeV), and the measurement of the energies 
of their nuclei when they emerge from a target after they have undergone elastic 
collisions and have been scattered at an angle 0 greater than 90° (Figure 3.24). A beam 
of alpha particles (4He2+) of energy 1.6 - 1.8 MeV has been used in this present study. 
The chance that an ion approaches sufficiently closely to an atomic nucleus and is 
bounced back following the Coulomb scattering laws is in the order of 1 in 105 to 106 
[223].
Figure 3.24 shows schematically how an incident particle is backscattered and detected 
in RBS. An energetic ion of mass Mi and initial energy E0 penetrates the target at an 
angle 0i to the sample normal surface. The projectile looses energy inelastically while 
travelling through the material. With an energy E ’0 (E’0 < E0) at a depth x from the 
surface, it suffers an elastic collision with an atom of mass M2 of the material and loses 
again energy (E’i < E ’o). If M2 > Mi, the particle is then scattered back through the 
sample, loosing again energy inelastically. It is detected with an energy Ei (Ei< E ’ i) at 
02 to the sample normal surface. Mi, E0, 0i, 02 being known and Ei being measured, 
M2 can thus be determined. The spectrum (Figure 3.25) gives the energy of scattered 
particles versus their intensities and is broad for each element with the highest energies
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corresponding to surface scattering and the lower energies, to the scattering at depth. 
The intensities of the backscattered ions reflects the concentration of target atoms. An 
example of an RBS raw spectrum is given in Figure 3.25.
Before collision | 
E'oCE'o <E q) i
After collision 
E'j (E'^ KE'o)
Sample
Figure 3.24 : Schematic showing the trajectories of particles scattered at the surface or 
at a depth x, after [232], 0 is the scattering angle and is define as : 0 = 180 - 0i - 02,
400 - 1
ISO 200
T rip lea(D Fluorine 
<Z> Oxygen
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Figure 3.25: Example of an RBS raw spectrum of a fluorinated polymer, showing 
clearly the carbon, oxygen and fluorine edges. The triple alpha peaks are visible in the 
higher channels (c.f. sections 4.3.4.3 and 4.3.5.1). An enlarged spectrum of the 
fluorine and oxygen signals is given in the inset. Fluorine and oxygen are in discrete 
quantity. The edge on the higher energy correspond to the surface; and to the 
interface, on the lower energy. A perception of the fluorinated layer is present with the 
width of the signal.
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3.3.3 The Determination of the Mass, Depth and 
Concentration of the Target Atoms.
The basis of RBS is found in fundamental physical concepts. The ability for mass
determined by the energy loss of the projectile through the material and is described 
either as the stopping cross section e or the energy loss factor [S]. The quantitative 
information is given using the scattering cross section a. All these notions are 
explained below.
3.3.3.1 Kinematic Factor K for Mass Analysis
Let us consider an incident ion of mass Mi of initial energy E0 which strikes an atom of 
mass M2 at a sample surface. The energy of the projectile after the collision, E is 
proportional to the initial energy, E0 and is given by the following equation :
where 0 is the scattering angle in the laboratory system, i.e. the complementary angle 
between the beam direction and the detector.
The kinematic factor is derived from conservation of energy and momentum for 
projectile of mass Mi and scattering from target M2 at angle 0 [225]. In other words, it 
represents the energy transfer from the projectile Mi to the target nucleus M2 in an 
elastic two-body collision [223], [230]. The conservation of energy and momentum 
also dictates that no element lighter than the incident beam particle can give rise to the 
backscattering effect. Equation 3.28 shows that K is never higher than the unity and 
increases with the mass M2 of the target atoms. Consequently, the energy scale of the 
backscattering particle can be converted into a mass scale through the kinematic factor.
analysis arises from the definition of a kinematic factor, K. The depth analysis is
E = KE0 Equation 3.27
where K is called kinematic factor of the atom of mass M2 and defined as :
r 2
Equation 3.28
m 1 +m 2
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In the case of this study, alpha particles are used and thus, Mi is equal to 4. Table 3.9 
gives the kinematic factors of the carbon and fluorine atoms at the scattering angle 
used.
Element Molar Mass 
(g mol4)
0° K
Carbon 12 180 0.25
Fluorine 19 180 0.43
Table 3.9 : Kinematic factors for carbon and fluorine atoms at the scattering angle used 
for the analyses for this present study, after [230], [231].
3.3.3.2 Depth Analysis
As indicated in Section 4.3.2, when the analysing particles travel through the materiel, 
they lose energy. Therefore, the total energy difference AE between particles scattered 
at the surface and near the surface of the sample corresponds to a depth scale. The 
latter is calculated by means of stopping cross section factor [e]. Depth profiling can be 
also determined using the energy loss factor. The relations between AE, depth, 
stopping cross section and energy loss is demonstrated in the following part.
During the penetration through the material to a depth x/cos9i, the incident particle of 
initial energy E0 looses energy (Figure 3.24).The energy loss AEi„ within this distance 
is given b y :
dEAEirl = [cos£?i (— )dx Equation 3.29
J o dx
Similarly, the energy loss of the particle after collision and when it is scattered back to 
the surface sample is equal to :
,dEr  cir
AE0Ut -  Jo°os02 Equation 3.30
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These energy losses are essentially due to electronic stopping effects (interaction with 
the electrons to produce excitation and ionisation [223]. At high energies (greater than 
a few keV), the nuclear stopping effect can be ignored [41], [223].
The particle just before the collision has its energy E’0 equal to :
E’o = E0 - AEb Equation 3.31
Just after collision the energy of the particle becomes, according to Equation 3.27 :
E’ i = KE’o = K(E0 - AEin) Equation 3.32
Finally the energy Ei detected by the detector when the backscattered particle leaves
the surface sample is equal to :
Ei = KE’o - AEout = K(E0 - AEin) - AE0Ut Equation 3.33
The energy difference AE between the particles scattered at the surface and the ones 
scattered at a depth x is therefore given by the following equation, according to 
Equation 3.27 and Equation 3.33 :
AE = E - Ei= KEo - Ei = KAE{n + AE0Ut Equation 3.34
In the case of analysis of thin surface layers, the particles travel infinitesimal distances 
into the material and thus the Surface-Energy Approximation is applicable. This means 
that the rate of energy loss on both the inward and outward path can be considered
constant respectively at the values ^
dx
, dE and —  
dxEo
integrals of the Equations 3.29 and 3.30 become :
[230], [231]. Therefore, the
K E n
A£in=(^ _ ) f E  
cos#, dx
and AEou, = (—^ - )  ^cos dx
Thus Equation 3.34 can be re-written as following :
Equation 3.35
Equation 3.36
K E n
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A I T  I K dE AE = x<-------------
I cos#, dx
+
1 dE
cos#2 dx
Equation 3.37
K E n
The energy loss process relates to the sum of interactions between ions and individual 
atoms in the material. Therefore, it is common to express AE using a term which 
translates the probability of these interactions. This term is the stopping cross section, 
e and is defined as :
_ 1  dE 
N  dx
Equation 3.38
where N is the sample atomic density with a unit of number of atoms per cubic 
centimetre, s is expressed in eV.cm'2. Equation 3.37 becomes therefore :
AE = N • x • -J — • s(E0) H • e(KE0) \ Equation 3.39
and
cos#,
AE = N  • x • [s]
cos 0,
Equation 3.40
where [*] = K / tt \ 1s{E, ) +
cos# cos#.
s(KE0) > Equation 3.41
with r r  \  1 dEe ^E o) = - r , '~ rN  dx
Equation 3.42
and 1 dE e(KE„) = — ■ —  
N dx KEn
Equation 3.43
[s] is called the stopping power factor or the stopping cross section factor. When the 
beam is slowed down by a target composed of several compounds, the stopping cross 
section is calculated using the Bragg’s law which states that the total energy loss sAB in 
a compound AmBn is given by the relation :
eAB = msA + nse Equation 3.44
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Equation 3.40 is often written as following :
AE = N-x-[s]  = x[S] Equation 3.45
where [S] is the energy loss factor which is expressed in eV, A'1.
Values of cross sections and energy loss factors have been tabulated [230]. Ziegler and 
Chu [233] have also tabulated a set of semi-empirical values of the stopping cross 
section in all element for a alpha analysing particle ranging from 0.4 to 4 MeV, by 
measuring the energy loss AE, the depth x at which the particle is scattered, and using 
the Equation 3.40 The accuracy of these values are better than 10% [234],
It has been demonstrated therefore that the energy scale can be converted into a depth 
scale. Using this method, it is important to notice RBS determines an aerie density 
measured in atoms cm'2. In order to obtain a proper depth expressed in the usual units, 
such as cm, this value will have to be divided by the atomic density expressed in 
atoms cm'3.
3.3.3.3 Quantitative Analysis
The quantitative concentration information in a RBS analysis is given by the number of 
scattered ions which are entered in the detector. The count rate Y in the latter is given 
by:
Equation 3.46
where Q the total number of particles that strike the target. Q is 
determined by multiplying the incident beam current expressed 
as the number if incident ions per second, with the detector 
efficiency [223].
N the number of atoms per unit volume in the sample undergoing 
the observed interaction, equivalent to the volume density of 
target atoms.
t the sample thickness
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Nt = the number of targets atoms per unit area (areal density).
da{9) = the average differential scattering cross-section into a solid
/VO angle at a scattering angle 0.
If the number of particles striking the target and detector are recorded, then the 
number of atoms per unit area of the target Nt can be determined. The differential 
cross-section for an elastic collision between two atoms in which the force of 
interaction is the Coulomb repulsion of the two nuclei has a well defined analytical 
form is given by the Rutherford’s formula :
da
d d
Z,Z2e- 
4 E
/ M 2)- sin*?)2 + COS # 1
sin4 6 - A/((M ,/M 2)-sin0):
Equation 3.47
where E = Energy of the projectile just before scattering.
Zi = Atomic number of the projectile
z2 = Atomic number of the target atom
Mi = Molar mass of the projectile
m 2 = Molar mass of the target atom
e = elemental electric charge
0 = scattering angle (°)
For Mi «  M2 the above expression can be simplified to :
da{9)
d£L
ZtZ2e2 
4E sin 9
Equation 3.48
From this equation it can be seen that —— increases as the mass of the
dCL
projectile/target atoms increases. This means that the heavier the elements will be the 
greater the yield produced per atom will be and therefore the easier the detection and
profiling at very low concentration will be. Moreover, da{9)
dCl
is proportional to E-2
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which will have the consequence that the number of counts will increase with the 
decrease of the projectile energy immediately before the collision. This is why the 
yields in RBS spectra always increases at the lower energy side (Figure 3.25).
3.3,4 Instrumentation
A standard Rutherford backscattering spectrometer (Figure 3.26) is usually formed of 
the following parts :
1) a particle accelerator
2) a beam control system
3) a target chamber
4) a detector
5) a data collection and ions analysis system
Collimator
Current monitorMagnetic field 
deflector nlates
Beam viewer
x and y deflectors Sample holder and 
•* cold finger
'Detector
SlitsSource/"
Accelerator
Vacuum chamber
Other beam lines
Load lock
MCA Preamplifier
Amplifier
Oscilloscope
Figure 3.26 : Schematic diagram of an RBS spectrometer, after [226].
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3.3.4.1 The Van de Graaff Accelerator
In the early days of RBS, experiments were mainly undertaken using a radioactive 
source of alpha particles [235]. It was with the development of particle accelerators in 
the fifties that RBS started to advance. A particle accelerator is used to produce ion 
particles and accelerate them to several mega-electron volts. The most commonly 
electrostatic accelerator used (and in use at Surrey), is the Van de Graaff (VdD) 
generator which has the characteristic of accelerating any positive particles. As it was 
mentioned before, alpha particles of a energy of 1.6-1.8 MeV was used in this present 
study. Helium gas is introduced into a glass chamber where it is ionised by applying a 
radiofrequency (RF) energy. A plasma is produced and magnetically focused at the exit 
of the glass bottle. By applying a potential to the anode of the bottle, the positive ions 
are then injected into an evacuated beam tube containing a graduated electrical 
potential which accelerate the ions. The description of this accelerating column is 
provided elsewhere [230], [232], [235].
t  ^ 4 9 P aam  P nnfrn l
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The accelerated ions are then collimated and focused as a probe beam by means of 
various steering, focusing, and bending elements which form the beam system control. 
Energy feed back slits are also used in order to keep the energy highly stabilised 
(±0.5 keV) which is essential for the analysis resolution. Collimating apertures define 
accurately the beam size and position. Just before entering the target chamber, the 
beam spot is about 5 x 2  mm2.
There are five lines for RBS ion implantation attached to the VdD in the D. R. Chick 
Accelerator Laboratory at the University of Surrey. The RBS analyses for this work 
have been carried on line 2.
3.3.4.3 The Target Station
Samples are manually mounted on a goniometer in the centre of a cylindrical vacuum 
chamber, via the load lock using a wobble stick. The vacuum in the chamber is in the
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order of 10‘6 mbar which is obtained by means of a diffusion pump with a liquid 
nitrogen cold trap. The vacuum is not as high as it is in XPS or SIMS spectrometers 
because high energetic ions (in the order of MeV), are very insensitive to the thin 
adsorbed layers (about 10 A) of hydrocarbons or water vapour on the sample surface 
[83], The goniometer allows a 360° rotation of the sample in the horizontal plane. For 
the purpose of this study, the samples were orientated normal to the beam, with the 
angle of backscattered particles detection being 165° to the incident beam. Other 
detectors are available in the chamber as gamma and neutron detectors.
A triple a-source (Pu, Am, Cm) producing a  particles of well defined energy 
(respectively of 5.156 MeV, 5.487 Mev, 5.805 Mev), is permanently placed in the 
target chamber for absolute energy calibration purposes.
As seen in Section 3.3.3.3 that quantitative information implies a knowledge of the 
incident beam current. For conducting samples, the beam current can be monitored by 
measuring the current through the electronically isolated metallic sample holder with 
an external ammeter. For partially insulating polymer samples, only a fraction of the 
ion beam is conducted to the holder. The fraction of ion beam current monitored is 
dependent on the type and thickness of the polymer sample.
For accurate measurement of the beam charge, it is important to suppress the 
secondary electrons produced by the energetic positives ion. Hence the sample holder 
is held at a positive high voltage of about 3000 V.
S.3.4.4 Detection Device and Electronics
The backscattered particles are analysed by a solid state source barrier detector which 
is the most commonly used since it detects particles of all energies simultaneously. 
Magnetic or electrostatic energy analysers can be used but they are not in routine use 
because of the significantly larger time in data accumulation due to the small 
acceptance solid angles and the acquisition sequential of data in small energy
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increments. The solid-state detector is positioned at about 8 cm from the target. In 
front of it is placed a magnet which deflects secondary electrons and therefore prevents 
spurious signals. There is also a brass rectangular collimator 2mm (horizontal) x 10mm 
(vertical) which reduces the solid angle detection and increases the system angular 
resolution. The detector used is a surface barrier semiconductor (Si) type which is the 
most widely spread in RBS routine measurement in the energy range of 250 keV and 
higher, because it requires a low energy to produce an electron-hole pair and thus has a 
good energy resolution (10 - 15 keV for alpha particles).
The energy spectra are amplified twice. The preamplifier provides a maximum signal- 
to-noise-ratio. The main amplifier creates a suitable pulse shape to optimise resolution 
and count rate capability. The shaping produces individual pulses whose amplitude 
contain the required (energy) information. The shaping helps also to eliminate pulse- 
pile-up which occurs if the spacing between pulses so small that they overlap and cause 
erroneous amplitude measurements. Data acquisition, storage and display are provided 
by a multi channel analyser (MCA), a dedicated computer where the channel numbers 
are linearly related to the particle energy.
3.3.4.5 Specimen Requirement
The samples were about 3 mm x 3 mm in area. To avoid the charging problems, they 
were carbon coated. Some silver paint was applied on the edges on the sample and on 
the side facing the metallic sample holder in order to improve the conductivity.
Some polymer samples are sensitive to the beam and can experience surface damage 
[226], [236]. Nevertheless studies have been made on the effect on the ion beam of 
fluoropolymers such as PTFE [72]. The conclusions were that the beam induced 
sample damage could be neglected. However, while being analysing, the fluorinated 
samples were cooled down with liquid nitrogen to minimise the effect of the beam on 
the material, as it was suggested in the literature [72], [226].
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3.3.5 Data Treatment
The determination of depth and absolute concentration are obtained by using modelling 
computer programs. The best known is RUMP which was developed in the mid- 
eighties at Cornell University (USA) by L. R. Doolittle [237], [238], The SCATT™ 
programme elaborated by Charles Evans and Associates has been used by the people of 
this compagny to determine the fluorine incorporation in high and low density 
polyethylene [72], in their RBS analyses. Other algorithms have been cited in the 
literature [239], [240], [241]. The algorithm used in this present study is called 
Simulated Annealing and has been recently devised at the University of Surrey by N. 
P. Barradas [242], This program requires the accurate measurement of the ion beam 
energy, like the others described above. This is done by calibrating the MCA.
3.3.5.1 MCA Calibration
Two steps are performed in the MCA calibration. Firstly various known materials (Au, 
C, Al, F) are analysed and the channels in which the half way on their RBS edges 
appear, are recorded (Figure 3.25). Then the graph giving the channel number against 
the kinematic factor is plotted and the linear regression is calculated (Figure 3.27). Ch0 
corresponding to the zero energy channel and Chi corresponding to K=1 therefore to 
the beam energy, are determined. Secondly, the conversion from channel number to 
energy is achieved by calculating the equation for the best straight line regression fit to 
the three a  peaks and Ch0 (Figure 3.28). This equation yields the energy per channel 
and the beam energy.
3.3.5.2 Principle of Simulated Annealing Analysis for Rutherford 
Backscattering Data.
The program makes an automatic fit to the data, ensuring full consistency of the results
obtained. Simulated annealing is a combinatorial optimisation algorithm based on 
Boltzmann statistical physics calculations called which are used to find the absolute 
minimum and maximum of functions of many independent variables [243].
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Figure 3.27 : First step of the MCA calibration process : kinematic factor as a function 
of channel, showing the linearity of the system. In this example, Cho = -42.6 and 
Ch, = 545.6.
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Figure 3.28 : Second step of the MCA calibration process : channel / energy
conversion using the absolute energies of the triple a  source. In this example, the 
energy of the ion beam was found to be equal to : 1.710 MeV
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This completes the review of the experimental techniques. It has been demonstrated 
that special care must be taken with the surface analyses of insulator materials such as 
polymers in XPS, SIMS and RBS. These well established techniques will be used to 
analyse specimens that have been fluorinated in special equipment which will now be 
described.
I l l
Chapter 4
The Fluorination System : 
Commissioning, Process Parameters 
and Preliminary Results
4.1. Introduction
The fluorination system is composed of four parts :
1) an electrochemical cell in which the fluorine gas is generated,
2) a mixing chamber where the fluorine gas is diluted with a non-reactive gas such as 
nitrogen in order to reduce the heat produced in the fluorination reaction on the sample 
(Section 2.4.2.1),
3) a reaction vessel where the sample is fluorinated,
4) a scrubber at the exit of the reaction chamber, used to remove the unreacted 
fluorine.
The fluorine system is located inside a polypropylene cabinet with a removable perspex 
screen to allow viewing (Figure 4.4). The purpose of this cabinet is to provide 
segregation of user and system, and to provide a housing for the control equipment. 
Controls for temperature, current electrolytic cell operation, and control valves for 
gases are situated on the external wall of the cabinet to allow control remote from the
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cell for maximum operator safety. The pipes, connectors and valves using for the 
transport and the control of the gaseous products are made of PTFE because this 
material does not react with fluorine. The description of the fluorine system is given 
briefly below.
4.2. The Fluorine Generator
4.2.1 General Description
The fluorine production cell is a Fluorodec™ 30 type, manufactured by British Nuclear 
Fuel Limited (BNFL) (Figure 4.3). It is designed to operate in the temperature range 
of 80°-90° C, producing fluorine gas at a maximum rate of approximately 
210 cm3 min’1 (equivalent to 21 gF2 h'1). Fluorine gas is produced by the electrolysis 
of a fused mixture of hydrogen fluoride (HF) and potassium fluoride (KF.2HF), which 
contains 42 wt% HF when initially set up. A full charge of electrolyte is capable of 
producing 500 g of fluorine gas, up to a maximum electrolysis current of 30 A, before
V n a a a i v i a o  n r v ^ n c o o r x ri ^ u i a i g i i i g  vv iL ii a i i i i j u i u u o  n j u i  u g v n  n u u i m v  u v v u i u v o
The cell consists of a mild steel electrolyte container, a thermostatically controlled 
heating jacket and a heat shield, a mild steel cell lid incorporating a monel gas 
separating skirt and a mild steel anode lid. As indicated above, these components are 
either made of mild steel or monel because they are two of the few metals, which, once 
passivated with fluorine, do not react violently with the gas. There are also two mild 
steel cathodes and one conducting hard carbon anode in plate form. Figure 4.1 shows a 
schematic of the fluorine generator.
4.2.2 The Electrolyte
The electrolyte is a mixture of hydrogen fluoride (HF) and potassium fluoride 
(KF.2HF). Pure anhydrous hydrofluoric acid is only partially dissociated and is 
therefore a poor conductor of electricity (< 1.6 x 10'6 Q cm’1 at 0°C [244]). This is 
why the electrolyte includes potassium fluoride which of course is fully dissociated in 
its molten state and possesses good conductivity.
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Figure 4.1 : Schematic of the Fluorine Cell
The reaction occurring at the cathode and anode are :
Anodic reactions F* » F + e
2F  ______ ^  F2
Cathodic reactions FT + e ^ H
2H ______ ^  H2
Overall process 2 HF  ^ H2 + F2
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The process occurring at the cathode will be that which requires the lowest potential, 
so that hydrogen ions will be discharged before potassium ions. Fluorine and hydrogen 
are produced in two different sections of the cell separated by the monel skirt. 
Hydrogen is vented to atmosphere while fluorine is directed do the mixing chamber to 
be diluted with nitrogen.
From Faraday’s First Law, 1 Faraday of electricity (i.e. 96 494 Coulombs of charge) 
should liberate 1 mole of hydrogen and fluorine atoms, namely 1 g and 19 g 
respectively. From this, 1 Ampere-hour (96 494 Coulombs ) of electricity will liberate :
19 x 60 x 60g
   = 0.7088 g of fluorine96494 &
1 x 60 x 60g
— ———-—  = 0.0376 g of hydrogen96494 j o
Table 4.1 gives the approximate fluorine gas flow rate for a range of electrolysis 
currents. The electrolysis current of 10 A was chosen for this work because it was the 
lowest value that gave good control over the fluorine production and ensured that the 
charge of electrolyte (Section 4.2.1) was not rapidly consumed
Electrolysis Current 
(Amps)
Approximation Fluorine 
Gas Flow Rate at STP 
(cm3 min-1)
Fluorine Production (gh‘l)
5 35 3.5
10 70 7.0
15 105 10.5
20 140 14.0
25 175 17.5
30 210 21.0
Table 4.1 : Rate of fluorination production. The values in bold type are the 
experimental conditions used for this work.
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Electrolytes approximating to the composition of KF.2HF and containing 39 to 
42 wt% HF are being used nowadays to produce fluorine on an industrial scale [30], 
This KF/HF ratio is chosen for several reasons as described below. During electrolysis, 
both the hydrogen and the fluorine that are produced are saturated with HF at a 
concentration corresponding to the partial pressure of the acid over the electrolyte. As 
well as the decomposition of HF in the electrolysis, acid is carried off in the gaseous 
products and, unless it is recovered, represents the loss of a valuable raw material. It is 
obvious therefore, that the concentration of gaseous HF in the fluorine and hydrogen 
should be as low as possible. Figure 4.2 shows two regions in which the partial 
pressure is low, corresponding to the compositions of KF.HF and KF.2HF. The latter 
is preferred because it has a melting point of about 70°C compared to 240°C for the 
former.
250
200
5 . 50
0-40-60-81-0
MOLE FRACTION OF HF
Figure 4.2 : Partial Pressure of Hydrofluoric acid over the KF/HF system, after [30],
A most important feature of the cell operation is the maintenance of the correct 
electrolyte level. If the level falls too low, fluorine and hydrogen will mix, and an 
explosion will occur in the cell as a result of the recombination of F2 with H2. If too 
high, failure of the electrical connections to the anodes might be observed. The 
minimum level corresponds to the concentration limit of 38% HF.
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Figure 4.3 : Fluorination system
117
Chapter 4 : The Fluorination System, Operating Conditions and Preliminary Results
Removable perpex 
screen
Safety glasses and 
full face shield
Laboratory coat 
protecting the arms
PVC gloves
Controls for 
temperature, 
current
electrolytic cell 
and control valves 
for gases situated 
on the external 
walls o f the 
cabinet
Sample rack for 
fluorination at 
ambient 
temperature
Leak detection 
spray
Figure 4.4 : Safety operator protections
Figure 4.5 : Sample loading for fluorination at different temperatures
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4.2.3 Phenomena Occurring at the Anode
A minimum voltage between the electrodes is required to overcome resistance to the 
passage of current through the cell. In addition to the resistances of the electrolyte and 
electrodes, the overvoltage must be taken into account. Overvoltage is related to such 
factors as the nature of the ion being discharged, the current per unit area of electrode, 
the state of the electrode surface (rough or smooth), temperature, and the presence of 
impurities in either the electrode or the electrolyte. In a fluorine cell, most of the 
overvoltage occurs at the anode. The minimum voltage occurs at a current of 5 amps 
in the configuration of the Fluorodec cell.
The fluorine gas produced contains 4 to 8% of HF in volume. After leaving the 
generator and before entering the mixing chamber, fluorine passes through sodium 
fluoride pellets. HF is absorbed to form NaF.HF and fluorine is left with less than 
about 1% of HF.
4.3. The Fluorine/Nitrogen Gas Dilution System
The fluorine/nitrogen gas dilution system provides the flexibility to give fluorine in 
nitrogen mixtures in the range of 0 - 70% by volume. The flow rate of nitrogen is 
adjusted with the flow meter as shown in Figure 4.6. The gas mixture is evacuated to 
the reaction vessel through the fluorine outlet valve (F2 OUT). In this work, the 
samples were fluorinated using a 10% F2/N2 mixture at 10A. This corresponds to 
nitrogen with a flow rate of 630 cm3 min'1. The F2/N2 mixture has therefore a flow rate 
of 700 cm3 min'1.
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Figure 4.6 : Schematic of inert gas dilution system
4.4. The Reaction Vessel
4.4.1 General Description
The reaction vessel which was specially designed for the fluorination of the polymeric 
sheets is shown schematically in Figure 4.7. The vessel which is made of mild steel, 
consists of a vertical cylinder of about 14.5 cm in diameter and 21 cm deep. The top 
and bottom flanges are sealed to the body with viton gaskets and are tightly fastened 
on with eight bolts. Welded mild steel connections allow the use of a PTFE coupling 
for attaching PTFE gas tubing. The entrance of the fluorine/nitrogen gas mixture is at 
the bottom of the vessel and the exit at the top to allow a better gas circulation in the 
chamber. The chamber has been designed to be able to fluorinate several samples at the 
same time. The sample are arranged vertically and parallel on a rack so that both 
surfaces are fluorinated concurrently (Figure 4.4).
120
Chapter 4 : The Fluorination System, Operating Conditions and Preliminary Results
Fluorination at elevated temperature can be carried out by the use of the heated sample 
mounting stage built into a second top flange assembly (Figure 4.5 and Figure 4.8). 
Each sample is fastened with two rebated rails, retained with screws, against the walls 
of a rectangular box-section mild steel container in which hot water circulates. The 
water is heated by means of a water bath which is placed at a level higher than the 
reaction vessel in order to improve the water circulation. To maintain a constant 
temperature, the water flow is increased by means of a pump. Because of the high 
reactivity of fluorine, it is difficult to put a thermocouple inside the vessel during the 
reaction, nevertheless measurements taken during purging reveal that the difference 
between the temperature of the water bath and the one in the vessel is only two 
degrees. Therefore the temperature reaction is assumed to be the temperature of the 
water bath. The water temperature increases by about 0.5°C min'1 when the bath is 
filled with hot water from the tap (40°C) at the beginning of an experiment. The water 
temperature is allowed to stabilised for half of an hour before starting reaction. This 
modified vessel is designed such in a way that only one side of the sample is exposed 
to the F2/N2 mixture, the other side being against the wall of the water circulation 
container. The surface area exposed is about 4x10 cm2 and four samples can 
fluorinated at once.
Top plate
Viton Gasket
Flanged Tubulation 
(Mild Steel)
Sample Holder
HDPE Sample
Bolt
PTFE tubing
Bottom plate
Figure 4.7 : Ambient temperature vessel
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Hot water flux
HDPE Sample
Hot stage Foot
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Sample held against the wall with mini bolts
Figure 4.8 : Hot stage reaction vessel with control of the temperature reaction
Before fluorinating any sample, the chamber and the tray had to be “passivated” : they 
were fluonnated with 10% F2/N2 mixture for two hours at 10 A.
4.4.2 The Vessel Performance
To appreciate the characteristics of the reaction system, several properties of the gas 
flow have been calculated such as the time to reach the steady state concentration, the 
fluorine diffiisivity in nitrogen, the average residence time and the characteristic 
diffusion time of F2/N2 mixture in the reaction vessel. In order to simplify the 
calculations, the volume of the vessel is considered to be a cylinder and equal to : 
71x21 x(14.5/2)2 = 3467 cm3.
As described previously, the experimental conditions for the fluorination were 10% of 
fluorine gas in nitrogen with a flow rate of 700 cm3 min1. The following calculations 
will give an estimation on how long the reactor contents will take to reach the required 
concentration. Considering that the reaction consumes very little of the fluorine and 
that the reactor contents are all well mixed, one can assume that the fluorine
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concentration Ct across the reactor at any time t is given by the following mass balance 
type equation [245], [246] :
dc,
Vr  = Q(ci - c t) Equation 4.1
dt
where Vr = volume of the reactor in cm3.
Q = Gas flow rate in cm3 min'1.
Ci = the inlet fluorine concentration in atm.
When integrated with the condition that at t = 0, Ct = 0, Equation 4.1 becomes :
c. -  c. Equation 4.2
The plot of this equation is given in Figure 4.9. It can be seen that the fluorine 
concentration in the reactor reaches the feed composition relatively rapidly. The 
average residence time in the reactor is equal to Vr/Q = 4.9 min.
li - -
Reactor Contents
4 -
Time (min)
Figure 4.9 : Fluorine concentration in the feed stream and that calculated using the 
model described in [245].
The fluorine diffiisivity in nitrogen has been determined at different temperatures, using 
the Chapman-Enskog kinetic theory equation [247] (Equation 4.3). This equation has
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been used because fluorine and nitrogen are two non-polar gases and their Lennard- 
Jones parameters which are necessary in the calculations, are available in the literature.
Dab = 0.0018583
t Hm ~1 + M -1)
v ' Equation 4.3
P ° a b O  D,AB
where Dab = Diffiisivity of fluorine in nitrogen in cm2 sec'1.
T = Temperature in K
Ma = Molar Mass of F2 in g mol'1
Mb = Molar Mass of N2 in g mol'1
p = Pressure in atm
G a b  = 0.5 ( g a  + ctb)  with g a  and g b  being respectively the collision
diameters of F2 and N2, in A.
Hab = dimensionless function of temperature, calculated from in the
Lennard-Jones Parameters s / k  for fluorine and nitrogen [247]. 
The diffiisivity of fluorine in nitrogen at the different temperatures used for the 
experiments is summarised in Table 4.2. As expected, the value of the diffiisivity 
increases with temperature.
V C D (cm2 sec'1) Characteristic Diffusion Time (0) (sec)
25 0.187 394
50 0.211 348
70 0.231 317
90 0.252 291
Table 4.2 : Diffiisivity of fluorine in nitrogen and the characteristic diffusion time, at 
temperatures.
The characteristic diffusion time of F2/N2 mixture in the reaction vessel 0  has been 
calculated using Equation 4.4 which has been suggested by Mohr et al [245]. The 
values at the different reaction times using for the experiments are given in Table 4.2.
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As expected, they increase as the temperature increases as a result of the increase of 
the kinetic energy of F2 molecules.
/ 26 = ------- Equation 4.4
6D
where 1 = depth of the reactor in cm
Dab = diffiisivity of F2 in N2
The Characteristics diffusion time is comparable to the reactor residence time, which 
indicates that the gas mixture reaches all parts of the volume of the reactor before it 
exits the vessel. It should be noted that the F2 and N2 gases are completely mixed 
together before entering the vessel. The calculations show that the gas flow operating 
conditions are entirely satisfactory to achieve fluorination of the samples without 
variations across the reactor.
4.5. The Scrubber
The F2/HF scrubber has been designed to remove 2 kg of fluorine from the gas line, 
which is equivalent to removing four full cell charges. A record of the amount of 
fluorine used at each experiment was made in order to monitor the quantity of 
electrolyte left in the cell. The scrubber, shown in Figure 4.3 and Figure 4.10, is a stack 
of six plates, each containing activated alumina (Al2Os) which reacts with fluorine, 
emitting oxygen gas, according to the following equation :
2 A12C>3 + 6 F2 *4 AIF3 + 3 0 2 Equation 4.5
The fluorine enters at the bottom of the scrubber and the oxygen gas formed after 
reaction leaves the scrubber at the top where it is vented off through the extractor.
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Figure 4.10 : Schematic of the scrubber
4.6. O perating Protocol
The fluorination process involves the use of highly hazardous substances such as F2 
and HF. Although the fluorine system was designed to minimise the risks of exposure 
to these gases, it is was necessary to follow strict operating and safety procedures 
during all the period of the fluorination process. These procedures are described briefly 
in this section.
The main steps of the operating procedure consists o f :
1. Setting the fluorine cell temperature. The electrolyte cell heater is switched on at 
least the day before sample fluorination. The thermostat is set at 85°C which is 15°C 
above of the melting temperature of the electrolyte.
2. Setting the reaction vessel temperature. If fluorination above room temperature is 
planned, the thermostat of the water bath is switched on and adjusted to the 
required temperature.
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3. samples loading. The samples are put in place using tweezers in order to avoid any 
surface contamination which may react with fluorine.
4. System checks. These include the integrity of the electrical connections (possible 
short circuits), the HF concentration, and the pipe work tightness (possible gas 
leaks).
5. Purging of the system with N ?. The system is designed in such way that the fluorine 
and reaction cells are purged in parallel. When the fluorine cell is not in used but the 
electrolyte is maintained fused, the anode and hydrogen sides are vented to 
atmosphere to prevent any decrease of the pressure in the generator which may 
arise if HF vapour in the cell is dissolved in the electrolyte without any gas replacing 
it to maintain the pressure constant. Before any electrolysis can be performed, the 
cell is isolated from the atmosphere. It is then purged for 15 minutes in order to 
avoid oxidation when the electrolysis is started. The reaction vessel is also purged 
for the same reason.
6 . Optimisation of the F9/N9 mixture. The electrolysis current is switched on and the 
F2/N2 mixture is adjusted to the required proportion. The gas is left for several 
minutes to escape to the fiime hood extractor in order to let the mixture 
composition stabilise.
7. Sample fluorination. The gas is then directed to the fluorine vessel where 
fluorination takes place. When the required fluorination time is reached, the 
electrolysis is stopped and the reaction vessel is purged to removed any fluorine in 
excess. The next set of samples can be loaded. The chamber is purged again and the 
operations described above in steps 6 and 7 are repeated.
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8. Shut down. At the end of the experiments, it is necessary to purge the fluorine 
generator to remove all fluorine gas in excess and to vent the fluorine and hydrogen 
sides back to the atmosphere.
4.7. Safety A spects
Hydrogen fluoride (HF) is a colourless corrosive liquid boiling at 20°C, which is a 
fairly weak acid (low dissociative constant, Ka = 6.46x1 O'4 M), but strongly acidic in 
water (many protons released when dissolved in water) [244]. HF is considered to be 
the most destructive inorganic material to human tissue. Both liquid HF and the vapour 
can cause severe skin burns which may not be immediately painful or visible. Several 
hours may pass before intense pain develops at the site of burn. HF can penetrate skin 
and attack underlying tissues, and large (over 160 cm2) bums may cause hypocalcemia 
and if medical attention is not obtained without delay, progressive destmction of tissue 
takes place and the affected part may ultimately become gangrenous. Even very dilute 
solutions may cause burns. Both liquid and vapour can cause eyes, corneal burns, and 
conjunctivitis. The areas of the skin affected by minor burns can be massaged with 
2.5% calcium gluconate gel. For larger burns, subcutaneous injection of 5% calcium 
gluconate solution beneath the burnt area may be required. Eye exposure requires 
flushing with water for at least 15 min, and subsequent treatment by an 
ophthalmologist.
HF is not carcinogenic but is however, highly reactive, and heat or toxic fumes may be 
evolved. The maximum exposure limit (MEL) in the air is 3 ppm (2.5 mg m'3) for 
15 min.
Exposure of human tissues to even small concentration of fluorine gas can also 
produce serious injury. The maximum exposure limit in the air is 1 ppm for 15 min.
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The principle on which the safe handling of HF and F2 is based is that every possible 
precaution is taken to avoid exposure to the liquid, vapours or gas. This is the reason 
why during the experiments, the operator must be protected from any possible gas 
leak. Care is taken to ensure that- skin is not directly exposed to the atmosphere of the 
cabinet. A laboratory coat protecting the arms and the neck must be worn. Safety 
goggles and full face shield must be also worn when the perspex shield is removed. 
The hands are protected by single-use gloves and PVC gloves. The tightness of the 
PVC gloves is regularly checked. Finally, a first aid training course on HF emergency 
treatment should be undertaken before starting the fluorination experiments.
4.8. First Fluorination Tests
After the passivation of the reaction vessel, a thin sheet of mild steel was fluorinated in 
order to study the surface chemistry of the reaction vessel walls. Then HDPE samples 
were fluorinated. The experimental conditions for both materials were the same : two 
hours of fluorination in a 10% F2/N2 mixture at room temperature and under a 
electrolysis current of 10A. Polyvinyl fluoride (PVF) samples were also fluorinated.
4.8.1 Fluorination of a Mild Steel Sheet
The comparison of the XPS analyses between a sheet of mild steel and a sheet of 
fluorinated mild steel revealed the following features : the observation of the XPS 
survey spectra indicates that no nitrogenous compound came to contaminate the 
surface. Therefore nitrogen did not react at all with the surface during the fluorination 
(Figure 4.11 and Figure 4.12). The examination of the high resolution spectra Fe 2p3/2 
indicates the presence of iron with the oxidation states 0, II and III. It is quite difficult 
to distinguish Fe(II) peak from Fe(III) peak since they are very close in binding energy 
[106]. There is also the presence of the Fe(II) and Fe(III) satellites (Figure 4.17 and 
Figure 4.18). On the spectra of the fluorinated sample, the Fe(0) height has 
disappeared. This feature signifies that the fluorination has contributed to the increase 
of the inorganic layer.
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The broad 01s peak on the analysis of the non treated mild steel indicates that the 
oxygen is in two chemical states : O2' and OFT. This feature confirms the iron in the 
oxide state (Figure 4.14). The presence of two peaks on the FIs high resolution 
spectrum of the fluorinated mild steel (Figure 4.17) indicates that this element is in two 
chemical states : Probably fluoride ion and covalent fluorine. The surface may have the 
structure of FeFx with X equal either to 2 or 3. The evolution in the Cls high 
resolution spectrum of the fluorinated mild steel compared to the non fluorinated one, 
indicates that some carbons may be bonded to some fluorine atoms (Figure 4.13 and 
Figure 4.14). In conclusion, it can be said that the fluorination of the mild steel of the 
reaction vessel has been successfully accomplished.
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4.8.2 Fluorination of the First HDPE Samples
For brevity, fluorinated HDPE will be written as F-HDPE. Figure 4.21 to Figure 4.27 
give the comparison of the spectra before and after fluorination. It is clear that the 
reaction has occurred because of the appearance of the characteristic lines of fluorine 
on the treated sample spectrum. Nevertheless, oxygen contamination could not be 
avoided (Figure 4.26), despite the long time of purge in the cell before the reaction 
and the use of nitrogen free oxygen. Before treatment, the Cls line has a single 
component because the carbon has only one chemical environment (Figure 4.23). After 
treatment, the Cls peak is broadened showing that the carbon has several chemical 
environment. The peak fitting of this line gave five components (Figure 4.24). The 
study of the surface chemistry and reactions of HDPE is treated in detail in the 
Chapter 7.
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4.8.3 Fluorination Depth Estimation
The F-HDPE sample was analysed using RBS in order to estimate the fluorination 
depth. Figure 4.28 and Figure 4.29 give the RBS raw spectrum and the depth profile of 
the fluorinated layer, based on a fluorine depth scale. The results show a discrete layer 
of about 0.15 pm in thickness. Figure 4.30 to Figure 4.33 represent the equivalent 
graphs for two commercially fluorinated polyethylene (with the code names of DSM 
and BP). The thickness of their fluorinated layer is about 0.60 pm for the BP sample 
and about 0.50 pm for the DSM sample. This shows that the commercial sample were 
fluorinated under different conditions than ours.
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Figure 4.28 : RBS raw spectrum of F-HDPE Figure 4.29 : Depth profile of F-HDPE, based 
(10% F2/N2, 2 h, 25°C, 10A). on a fluorine depth scale.
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PVF and F-PVF samples have also been analysed by RBS (Figure 4.34 to Figure 4.37), 
in order to determine the maximum analysis depth of the technique. PVF analysis 
shows a continuous concentration profile for fluorine, which is expected since this 
polymer is fluorinated in bulk. The analysis was performed at a beam energy of 
1.4 MeV and Figure 4.34 and Figure 4.35 show a maximum analysis depth of about 
0.75 pm. The analytical depth is dependant on beam energy. At higher energy 
(1.7 MeV), the maximum depth analysis obtained was 1pm.
The F-PVF analysis shows a discrete layer on the top of the continuous layer (Figure 
4.36 and Figure 4.37), demonstrating that the RBS technique can detect the enhanced 
fluorine in the surface region. The results show also that this fluoropolymer can be 
further fluorinated.
0.0 400.0300.0200.00.0 100.0 jim
Figure 4.34 : RBS spectrum of a PVF sample. Figure 4.35 : Depth profile of PVF, based on a
fluorine depth scale.
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Figure 4.36 : RBS spectrum of fluorinated PVF Figure 4.37 : Depth profile of F-PVF, based on 
(20% F2/N2, 1 h, 25°C, 10A) a fluorine depth scale.
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4.8.4 The Fluorine Consumption during Fluorination
The amount of gaseous fluorine consumed in the fluorination process can be conceived 
as a fraction/  of the total amount of fluorine produced for a given run,, and has been 
determined in Table 4.3. The calculations show that the gas composition changes less 
than 0.01% and therefore the reaction is zero order with regard to fluorine. The 
fraction /  decreases as the time increases. This phenomenon is more evident at 90°C 
because at this temperature, the changes are more appreciable. The decrease of /  is 
illustrated in Figure 4.38 where the fluorine uptake by a specimen fluorinated at 90°C 
(calculated from RBS) and the cumulative amount of fluorine atoms that have passed 
the cell, are plotted against fluorination time. The gradient of the former curve is 
smaller than the one of the latter curve and therefore the ratio of between two points of 
the curves will decrease as the time will increase.
Fraction/  of fluorine reacted to fluorine 
generated (atoms per million)
Tim# (mini 25°C |  50°C | 70°c ; 90°C
5 3010 I 3100 I 10800 55600
30 1120 3010 4600 13000
60 1120 1 2680 | 4600 8400
Table 4.3 : Total fluorine atoms consumed at various temperature and time of reaction 
(10% F2/N2 mixture at 10A).
From these results, it can be seen that the reactor efficiency is very low. Nevertheless, 
the reactor is for laboratory use only and its efficiency is not an important issue.
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Figure 4.38 : Plot of fluorine uptake by a specimen fluorinated at 90°C (calculated 
from RBS) and the cumulative amount of fluorine atoms that have passed the cell, 
against fluorination time
4.8.5 The sample Characteristics and Experimental 
Conditions
The sample characteristics and the experimental conditions of fluorination used in this 
thesis are summarised in Table 4.4 and Table 4.5. The HDPE samples were bought 
from Goodfellow Cambridge Ltd because this supplier is known to provide material 
for laboratory work of very high purity, and indeed, XPS and SIMS revealed no 
evidence of surface contamination.
Name High Density Polyethylene (HDPE)
Chemical formula -(CH2-CH2)n-
Density 0.95 g.cm'3
Colour semi-opaque white
Crystallinity 70-80%
Water absorption over 24 hours <0.015%
Molecular weight 200-300 000
Engineering process Extrusion
With no release agent
Supplier Goodfellow Cambridge Ltd
Form Sheet (10x10x0.1 cm3, 10x6x0.1 cm3)
Table 4.4 : Sample characteristics
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%F2/N2 Fluorination Time T Information on
1st SET 10 120 min 25 °C Chemistry 
(XPS, SIMS)
2nd SET 10 10 min, 25 min, 
240 min, 300 min
25 °C Chemistry 
(XPS, SIMS, RBS)
3rd SET 10 0.5 min, 1 min, 2 min, 11 
min, 15 min, 20 min, 
60 min, 100 min 120 min
25 °C Kinetics 
(XPS, RBS)
4th SET 10 120 min 25 °C Crystallinity
5th SET 10 60 min 50 °C, 70°C Chemistry, Kinetics 
(XPS)
6th SET 10 5 min, 30 min, 60 min respectively 
at 25 °C, 
50 C,
70 °C, and 
90°C
Diffusion
Table 4.5 : The experimental conditions of fluorination used in this thesis.
About 500g of fluorine was produced in total for the fluorination of all the sample and 
therefore only one charge of scrubber was necessary.
4.9. Long Term Perform ance
The most common problem in a fluorine cell is the failure of the anode. During the 
course of the current work, the anode failures experienced with the cell may have 
arisen for several reasons. When fluorine was evolved, bubbles of gas could have 
caused the electrolyte to touch the electrical connections on the top of the anode 
leading to a deterioration of the electrical contacts. Between experiments, sometimes 
several months apart, the cell heater was switched off. The electrolyte, when freezing, 
may have bent the anode which was left in this condition and caused the anode or the 
anode connections to break on reheating. One anode may failed because of 
polarisation. At a fixed voltage, a sudden decrease occurred in the current flowing 
through the cell to a value which was a small fraction of that passing when the cell was 
operating normally. However, the generator performed well during the fluorination 
experiments, the results of which are described in the following chapters.
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5.1. Introduction
Surface fluorination involves absorption and diffusion of the fluorine into the polymer 
and subsequent chemical reactions. Formation of the fluorinated layer may be 
conceived by analysing two limiting cases. In one case, the reaction is limited by the 
diffusion rate of fluorine, whereas in the second one, the reaction rate is the limiting 
factor. Figure 5.1 summarises the possible reactions profiles in fluorinated polymer 
films.
/ o / . o
■ x ------------------------ >
Figure 5.1 : Possible reaction profiles in surface fluorinated polymer films, after [245], 
(A) corresponds to the complete diffusion control, (C) to the complete reaction control 
and (B), to the intermediate case.
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According to Mohr at al, the low solubility of fluorine compared to its high reactivity
strongly suggests that fluorination of a membrane should approach the diffusion
controlled limit [244]. Experimental results will reveal if this is also the case for sheets
of high density polyethylene. RBS has been used as an appropriate technique to
determine a compositional depth profile, in order to understand the kinetics of the
fluorination of polyethylene. Because RBS, and XPS and SIMS are respectively MHV 
and UHV techniques, one should note that these measurements only provide 
information concerning reacted fluorine, not that in the free atomic or molecular form.
5.2. Preliminary Results
In a gravimetric study of samples from the second and third fluorination runs ((sets 2 
and 3) described in the previous chapter), the mass of the samples were found to 
increase with fluorination time, as a result of the substitution of hydrogen with fluorine 
atoms. A plot of the sample mass increase as a function of time is shown in Figure 5.2 
and gives a linear relationship. The mass increases at a rate of 3 x 10'5 g cm'2 h'1. It can 
be seen that this plot may not follow the same relation at the early stages of the 
reaction. This scatter may be caused insufficient resolution of the micro-balance 
(4 places of decimal) at these very low mass increases.
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Figure 5.2 : Mass increase of the fluorinated samples as a function of time.
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5.3. Description of the Diffusion Behaviour
Figure 5.3 to Figure 5.6 show two types of RBS plots of samples fluorinated under 
different times, at room temperature, with a mixture of 10% F2/N2 gas mixture. Raw 
RBS spectra are represented on the left side of the pages. The values of the abscissa 
are given in channels which correspond to the backscattered energy. The ordinate 
values are expressed in number of counts. In the RBS spectra, there is a discrete layer 
of fluorine and oxygen. On the right side of the pages, the channel scales given in the 
raw spectra are converted into a depth scale adjusted to fluorine. This is why the 
oxygen appears as if it was subsurface on this scale, but in reality it is on the surface. 
Studying the evolution of the depth profile of the fluorinated layer as a function of 
time, several observations can be made. At low fluorination times, the depth of fluorine 
remains constant at about 0.05 pm. Nevertheless, its concentration gradually increases. 
At 60 minutes of reaction, the fluorination front has started to progress and has 
reached the oxygen edge. At this time of fluorination, the oxygen concentration has 
become negligible in comparison to that of fluorine and the oxygen does not diffuse in 
the polymer. As the time of fluorination increases, the fluorine edge advances, until it 
reaches the carbon edge. At this stage, the maximum analysis depth of the technique 
have been reached. At 5 hours of reaction, the depth of the fluorinated region is about 
0.8 pm.
From these results, it appears that the diffusion process of fluorine into HDPE 
proceeds in two steps. The first step occurs in the early stages of the reaction. From 
the instant that fluorine arrives at the surface, it reacts with the polymer and a 
fluorinated layer is immediately formed. The thickness is approximately 50 nm. Then as 
time increases, the fluorine concentration in the layer increases without progressing 
further into the polymer. The edge of the reaction does not appear to progress until the 
concentration in the fluorinated layer reaches some critical concentration. At this value 
of concentration, the diffusion front starts to move further into the bulk and
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Figure 5.3 : RBS results. Graphs a), c), e) represent RBS spectra o f the samples
fluorinated for 30 seconds, 1 and 2 minutes and graphs b), d), f) represent these
spectra whose abscise lines have been converted into a depth profile based on fluorine.
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Figure 5.5 : RBS results. Graphs a), c), e) represent RBS spectra o f the samples
fluorinated for 60 and 100 minutes and graphs b), d), f) represent these spectra whose
abscise lines have been converted into a depth profile based on fluorine.
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Figure 5.6 : RBS results. Graphs a), c), e) represent RBS spectra o f the samples
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the second step begins. The first step, characterised by the lack of diffusion of fluorine 
through the polymer, behaves as if it was an initiation stage, preparing the material for 
the diffusion of fluorine through the polymer. The observations of these phenomena 
are represented schematically in Figure 5.7.
50 nm
30 SEC 2 MIN 15 MIN1 MIN
m m w ///////////////A
20 MIN 60 MIN
[FuptP < [FupJ{ ) < P v P  < ... < [F j p
Figure 5.7 : Schematic representing the development of a fluorinated layer as a
function of time, deduced from RBS data.
The square root of reaction time has been plotted against the depth of fluorination, in 
Figure 5.8. A single linear relationship is not obtained, as is the case for a diffusion 
control process, but the graph has two distinct parts. The first part represents the non 
time dependence of the relation up to 25-30 min, as described above for the short 
reaction time and which corresponds to the induction period,. The gradient of the line 
then changes. This is another indication that the early stage of the reaction is not 
diffusion controlled. Only when the fluorine front starts its progression to the second 
stage does the reaction follows the diffusion control process described in the literature 
(Section 2.3.3).
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Figure 5.8 : Depth of the fluorinated layer as a function of time
The observation of the instantaneous creation of a fluorinated layer is confirmed in 
XPS with a smaller scale depth. Indeed, for the samples fluorinated with the shortest 
times, quantification studies have been carried out on samples analysed at different 
take of angles. At a given fluorination time, for each take of angle, the quantity of 
fluorine, carbon and oxygen are fairly constant and the fluorinated layer is homogenous 
within the XPS sampling depth of 7.5 nm, &s S i i u w n  i n  i c i O i c  j . i . - L / c p u i s  aie csiiiiiaieu 
as described in Section 3.1.5, taking the value of X equal to 2.5 nm. Nevertheless, the 
integral concentration of fluorine in the polymer increases with time as shown by the 
gravimetric studies of samples of sets 2 and 3 (in Figure 5.2).
Time
(sec)
Concentration
At%
Angle0 and 
Estimated Depth (nm) Average Standard 
Deviation 010°
1 3 nm
25° 
3.2 nm
45°
5 3 nm
85° 
7.5 nm
0.5 C 56.4 57.8 58 58.8 57.8 1.0
F 34.9 34.6 35.2 34.7 34.9 0.3
O 8.7 7.60 6.8 6.5 7.4 1.0
1 C 57.4 57.5 58 56 57.2 0.9
F 35.1 35.2 36.1 37 35.9 0.9
O 7.5 7.3 5.9 7.0 6.9 0.7
2 C 51.4 51.0 51.2 52.7 51.5 0.8
F 41.3 42.0 42.4 41.8 41.9 0.5
O 7.5 7.0 6.4 5.5 6.57 0.8
Table 5.1 : Variation of the fluorine, carbon and oxygen content as a function of XPS 
take of angle.
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Figure 5.9 gives the plot of fluorine and carbon concentration (Atomic %) of Table 
5.1, ignoring the small component of oxygen (Section 7.2.13), versus the time of 
fluorination. During the first 20 to 30 minutes of the reaction, the concentrations of 
carbon and fluorine decrease and increase respectively until they both reach the amount 
of 50%, where they remain constant. This time interval corresponds exactly to the 
induction period described above.
100
* %c
* %F
90 -
80 -
70 -
60 -E
250 300100 200
Time (minutes)
Figure 5.9 : Fluorine and carbon concentration (Atomic %) of samples fluorinated at 
room temperature. * concentrations calculated, ignoring the oxygen component.
Figure 5.10 show a SEM micrograph of a cross section of a sample fluorinated for 
5 hours at room temperature. The fluorinated layer appears clearly to have a depth of 
the order of 1 pm. This is in good agreement with the RBS results where it has been 
found that the fluorination depth of this sample was about 0.8 pm (Figure 5.6). Figure 
5.11 shows the X-ray map of fluorine of the same sample in Figure 5.10. A discrete 
fluorinated layer of the same depth as above can be observed. This layer has a uniform 
thickness along the section of the polymer shown.
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Polymer side
Figure 5.10 : SEM micrograph of a cross section of a HDPE sample fluorinated for 
5 hours at room temperature.
Fluorinated
layerPolymer side
Figure 5.11: X-ray map of the same sample as above.
Epoxy side
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5.4. Study of the Induction Period
5.4.1 The Role of the Crystalline Morphology
The existence of the induction period is probably due to the fact that the fluorine can 
not diffuse in the HDPE polymer backbone “as it is“ The fluorine diffusion process 
must lead to the consequence of a HDPE backbone deformation and a loss of 
crystallinity. The HDPE starting material is highly crystallised (about 80%) and has a 
chain configuration where the methylene groups of the chains can rotate freely around 
their rotation axis. The ultimate product of fluorination is PTFE. This material has a 
rigid helical configuration. The induction period may therefore include the period 
during which the polymer chains are deformed from a HDPE structure (orthorhombic) 
into a another configuration which tends to be similar to the PTFE helical one with a 
trigonal structure. Fluorine atoms are much more larger than hydrogen atoms and the 
substitution of hydrogen atoms to fluorine atoms must distort the geometry of the 
polymer backbone.
A free volume is the space in a solid or a liquid sample which is not occupied by 
polymer molecules, because of steric hindrance between the molecules [45], [248]. As 
the crystallinity is destroyed, there must be an increase in the free volume, which is 
higher in amorphous state (comprising 20% of the starting material), allowing more 
fluorine to go through the polymer. Moreover, the gas diffusion into polymer depends 
on the solubility of the gas in the polymer. Considering a simple two-phase mixture 
model crystalline and amorphous polymer Michaels and Bixler, [249] and [250] have 
shown that the gas solubility in polyethylene are proportional to the volume fraction of 
amorphous material, according to the following Equation 5.1:
k = a  k* Equation 5.1
where k = solubility constant
a  = volume fraction of amorphous polyethylene
k* = solubility constant of an hypothetical, completely amorphous
polyethylene.
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This relationship indicates that gases are insoluble in the crystalline fraction of the 
polyethylene. A comparative study on the fluorination of LDPE (30%-40% crystalline) 
and HDPE (70%-80% crystalline) confirmed that the least crystalline (LDPE) samples 
are fluorinated greater depth [72].
The induction period should include the time during which the crystallinity of the 
polyethylene is destroyed in order to allow the fluorine to diffuse through the gaps 
between chains. In order to investigate the effects of the crystallinity on the depth of 
fluorination, HDPE with different crystallinity were prepared by cooling the samples 
from the melt at different rates, as follows. A few pellets of HDPE were melted on a 
hot stage and then were either quenched in liquid nitrogen (low crystallinity) or cooled 
more slowly in iced water (medium-low crystallinity), cooled at room temperature 
(usual crystallinity which is about 70-80%) or cooled very slowly by being left in the 
hot stage which was switched-off after operation (high crystallinity). Differential 
scanning calorimetry analysis (DSC) revealed that the changes in the structure of each 
sample were too small to notice any significant changes in the crystallinity. Attempts 
were also made to cast a thin film from a solution of polyethylene in xylene prepared 
at 80°C. These were not successful, because the low solubility of HDPE in the solvent 
prevented sufficiently films being formed.
The samples prepared with different cooling rates were fluorinated at once for two 
hours, in a 10% F2/N2 mixture at a current of 10 A. Unfortunately, as the anode was 
reaching the end of its life, the generator did not produce the expected amount of 
fluorine and the sample surfaces were little fluorinated. Nevertheless, since they were 
fluorinated at the same time, they are comparable to each other. The RBS analyses 
have shown that there was not noticeable change in the profile and depth of 
penetration, as it is indicated in Figure 5.12. These results confirms the small difference 
in the sample, found by DSC.
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Figure 5.12 : Overlap of RBS spectra whose abscise line has been converted into a
depth profile based on fluorine element of samples having different cooling rate 
histories.
5.4.2 Effect of the Temperature on the Induction Period
Figure 5.13 represents the plot of the total fluorine uptake per square centimetre 
versus time of fluorination (5, 30 and 60 min) for different temperatures. As expected, 
the longer the sample is exposed to the fluorine mixture, the higher the fluorinated 
concentration gets. This phenomenon is even more apparent when the reaction 
temperature is greater. The linear regressions of the curves are expressed in Table 5.2. 
From these results, one can observe that the linearity of the curve at 25°C is quite poor 
(R2 = 0.945), but improves as the temperature increases. At 90°C, the linear regression 
is equal to 1. The smaller correlation coefficient at lower temperature once again 
points to the existence of the induction period during which the polymer undergoes the 
necessary transformations (loss of crystallinity, backbone deformation) to enable the 
diffusion of the fluorine. The increase of the linear regression coefficient with the 
reaction temperature can be interpreted as a decrease in the induction period at the 
higher temperatures. Indeed, the higher the temperature is, the more flexible the 
polymer chains becomes and the quicker the backbone will be deformed.
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Figure 5.13 : Plot of fluorine uptake versus three times of fluorination (5, 30 and 
60 min) at different temperatures.
. . . . . . . .  .iciupciaiuie Linear Regression (R?)
25 0.945
50 0.989
70 0.993
90 1.000
Table 5.2 : Linear regressions of the plot of fluorine concentration versus fluorination 
time, at different temperatures.
5.5. Study o f the M oving Front
In Figure 5.8, the location of the advancing front with respect to the free surface is 
proportional to tVz which is behaviour characteristic of a Fickian diffusion profile. The 
diffusion coefficient in this region is estimated below.
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5.5.1 Determination of the Activation Energy of Diffusion
The rate equation for uptake of fluorine atoms F can be expressed as :
t 00
= J  j J / (D, x)dx.dt Equation 5.2
0 0
where J  = Flux of fluorine crossing the surface of the polymer (in
number of atoms per cm2)
Ftot = Total amount of Fluorine uptake
/  (D , x) = Function of diffusion coefficient and depth of fluorination
From Figure 5.13, one can assume that the diffusion coefficient D, varies with the 
reaction temperature. Hence, D can be written according to the following expression :
~ E p
D = D0e RT Equation 5.3
where D0 = constant
Ed = activation energy of diffusion
Equation 5.3 becomes therefore :
i p zEd.
Ftot = D0 J  / J  e RT f  {x)dx.dt Equation 5.4
o o
Making the following assumptions
1) The composition of the polymer base (HDPE) is uniform and of constant structure,
2) The activation energy of diffusion ED does not depend on the fluorine concentration 
[F ],
Equation 5. 4 can be re-written as :
- E p  t CO
Ftot = D0e RT \ j \ f  (x)dx.dt Equation 5.5
0 0
which is equivalent to
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— E
In Ftot -  ln ( J  j \  f  (x)dx.dt) -  I n D0 = Equation 5.6
0 0 ^
Ftot has been determined experimentally by RBS. Figure 5.14 presents the plot of In Ftot 
versus T'1 for the three reaction times used above. At 30 and 60 minutes of reaction, 
the relation is linear for all the experimental temperatures, whereas, at 5 minutes of 
reaction, the data conforms to a linear relationship above 50°C (1/T (K) = 3.1). The 
lack of linearity at low temperature and small reaction time is explained by the 
induction time which disappears at higher temperature and longer times. The activation 
energies given in Table 5.3 decrease as the reaction time increase. The high activation 
energy at shorter times arises because at the beginning of the reaction, the distortion of 
the backbone and the destruction of crystallinity are insufficiently advanced in the 
polymer, and therefore high energy is required for fluorine diffusion. Moreover, the 
decrease of the activation energies with the increase of temperature reflects the 
conversion from the crystalline to the amorphous phase [250], which enables therefore 
the fluorine to diffuse more easily.
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Figure 5.14 : Variation of the total uptake of fluorine as a function of the inverse of 
reaction time. Results deduced from RBS data.
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Reaction time Activation Energy of diffusion, Ed
5 min 71.3 kJ mol’1
30 min 34 kJ mol’1
60 min 26.6 kJ mol’1
Table 5.3 : Activation Energies of diffusion at different fluorination time
From these results, several conclusions and interpretations can be made. At the 
beginning of the reaction, there is little diffusion, but much surface preparation. Then, 
at small fluorination time and low temperature (25°C), there is the formation of a 
diffusion zone with a high activation energy. Finally, at long fluorination times and at 
any temperature, there is penetration of fluorine into the diffusion zone. This is 
characterised by the low activation energy.
A similar graph is been obtained when plotting the fluorine concentration (atomic %), 
from XPS analysis versus T’1. This indicates that on the XPS depth scale, the same 
processes of the existence of an induction period prior to the fluorine diffusion occur.
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Figure 5.15 : Variation of In [F], obtained from XPS, versus T'1. Fluorine 
concentration (atomic %) has been calculated ignoring the oxygen component on the 
surface of the fluorinated samples.
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5.5.2 Study of the Velocity of the Advancing Front.
5.5.2.1 Dependence of the Velocity with the Reaction Time
The velocity has been calculated by dividing the fluorination depth by the reaction time
and therefore is referred to as the “apparent” velocity. The plot of the apparent 
velocity of the advancing front versus the fluorination reaction time is given in Figure 
5.16. The graph contains once again two parts. Up to about 20 minutes of reaction, the
1 3 3 * 1apparent velocity decreases dramatically, from 0.1 pm min' to 3.10" - 4.10' pm nun' 
(a factor of 33 times). The apparent velocity remains constant to the latter value after 
this time. Moreover, the time during which the velocity decreases, coincides with the 
induction period. A decrease in the apparent velocity is expected since the front does 
not move during the induction period. As time increases, more fluorine molecules 
arrive in the layer, filling up the free volume of the polymer. They have therefore “less 
space” to move in the backbone and have a higher probability of colliding with other 
species in the layer, which leads to a decrease of the velocity. The time during which 
the velocity is constant corresponds to the diffusion front progressing through the raw 
material. This diagram shows that the velocity has to reaches a limit as the front can 
moves forward.
10A 10% F2/N2 at Room Temperature,
'3JO
"3>
ss
0.001
200 250 30050 100 1500
Fluorination Time (min)
Figure 5.16 : Variation of the apparent velocity of the advancing front as a function of
time, for samples of sets 2 and 3 fluorinated at room temperature. The apparent
velocity was calculated by dividing the depth of fluorination by the reaction time.
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5.5.2.2 Dependence of the Velocity with the Reaction Temperature
The steady-state value of front velocity has been calculated at different temperature
and compared with the one of methanol in PMMA. Although methanol molecules are 
bigger than fluorine ones, the diffusion of the former into PMMA is faster than the 
latter in HDPE. This might be explained by the fact that there is reaction in the 
fluorine/HDPE system.
Temperature Velocity front (pm min'1)
Fluorine in HDPE Methanol in PMMA
25°C 3.75xl0’3 lllxlO"3
50°C 7.4x10*3
70°C 10.7x1 O'3
90°C 16.6x1 O'3
Table 5.4 : Velocity front of fluorine diffusion in HDPE at different reaction 
temperature with the comparison with the velocity of methanol diffusion on PMMA 
(after [53]).
Figure 5.17 gives the plot of the values of Table 5.4. The velocity of the diffusion front 
increases linearly with the reaction temperature until 70°C. The increase is equal to 
1.5 x 10'4 pm mm*1 K'1. After 70°C, the velocity increases suddenly and the rate 
doubles. This temperature is half the melting temperature of polyethylene. Changes in 
properties at the Tammann temperature (0.5 Tm) are known to occur in many 
materials, and in this case, it is characterised by a sudden increases in the velocity of 
the front after the induction period (Figure 5.17), in the total fluorine uptake (Figure 
5.18) and the fluorination depth (Figure 5.19).
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Figure 5.17 : Variation of the front velocity as a function of temperature
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Figure 5.18 : Variation of the total fluorine uptake as a function of reaction 
temperature.
159
Chapter 5 : Fluorine Diffusion in HDPE
0.9 -- — Depth (5 min) 
Depth (30 min) 
Depth (60min)
0.7 -
0.3 --
0.2 -
0.1 --
Temperature (C)
Figure 5.19 : Variation of the total fluorine uptake as a function of reaction 
temperature
5.6. Identification o f the D iffusion B ehaviour
5.6.1 Comparison with Case II Diffusion
The features which have been observed in the fluorine diffusion through a polyethylene 
sheet are :
1) a linear weight gain with time
2) the existence of an induction period preceding the advancing of a diffusion front. 
This induction period corresponds to a gradual built-up of fluorine concentration
3) The front will not start unless a critical concentration is obtained
4) Once reached its critical value, the concentration remains constant
5) boundary positions proportional to tVl after passing the induction time
6) an uptake amount proportional to t
7) a constant velocity of the advancing front after passing the induction time
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Case II diffusion is a limiting diffusion case which has been described in Chapter 2 and 
extensively in the literature. This regime presents similar characteristics to the ones 
observed in the experimental results. The weight and the concentration of diffusing 
species uptake increase linearly with time. This case of diffusion presents two steps. 
The first one is an initiation stage which includes the gradual build-up of diffusing 
species concentration. The second stage consists in a front formation which advances 
at constant velocity. The front will not progress unless a critical concentration is 
reached in the first stage which will remain constant in the diffusing step. The front
positions are proportional to 4 t . Since there are so many similarities between the 
behaviour of fluorine diffusion and the one of Case II diffusion, it can be concluded 
with confidence that the fluorine diffusion in polyethylene follows Case II diffusion 
behaviour.
5.6.2 Mathematical Model of Case II Diffusion
The usual mathematical models of diffusion take account of the concentration gradient 
in the equations (Equation 2.2 in Section 2.3.1), which do not allow the prediction of 
all the features of Case II sorption. Petropoulos and Roussis [251], [252], [253], 
rewrote the diffusion equation in terms of activity gradient, a :
d C _ d _  
dt 3c
(  C 3a\
D — ' — \ Equation 5.7V a 3cJ
where the ratio C/a is often referred to as the solubility parameter, S. By following 
Long and Richmond’s approach [254]., in applying relaxation control to concentration 
in order to take into account the two stage sorption phenomena, and adapting Crank’s 
equation for the time dependant diffusion coefficient (Equation 2.2 in section 2.3.1), 
they proposed the following expression :
cC(a.t) 3C(a,0)f3t\ , x
— ~3t—  = — Ih— \ d t )  + M C,(a ’oo) _ C (a ’0) Equation 5. 8
161
Chapter 5 : Fluorine Diffusion in HDPE
where C(a,0), C(a,oo) (S(a,0) = C(a,0), S(a,oo) = C(a,oo)) represent the sorption 
isotherm (solubility coefficient) of the penetrant in the unrelaxed or fully relaxed 
polymer, respectively, p is a rate parameter which is assumed to be constant.
In this way the penetrant concentration profile is affected by the relaxation process 
throughout the polymer, not only at the surface. By using the empirical functions to 
reduce computer time, Petropoulos et al [251], [252] obtained the plot given in Figure 
5. 20-a). Figure 5. 20-b) gives the concentration profiles obtained from the 
experiments. The agreement between these two plots is good.
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Figure 5. 20 : Fluorine diffusion profile obtained from RBS which is similar to the 
theoretical model of Case II diffusion profile with a characterised by a steady-state 
concentration profile, after [251].
Nevertheless, Case II diffusion treats only the diffusion of non-reactive species through 
a polymer, whereas, in the present work, there is simultaneous diffusion and reaction 
of the fluorine. Therefore, to fully understand the fluorination process, it is necessary 
to study in detail the mechanisms of the chemical reactions. As the work of this thesis 
concerns the fluorination of the surface of HDPE, surface techniques such as XPS and 
SIMS have been used. In the next chapter, the analyses of standard fluoropolymers is 
described. A database on the surface characteristic obtained is established to aid the 
interpretation of the analyses of the surface of fluorinated HDPE.
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Surface Analysis of Commercial 
Fluorine-Containing Organic Polymers
6.1. Introduction
In this chapter, the surface characterisation of two types of commercial fluorine- 
containing organic polymers will be investigated : fluorinated polyethylene and bulk 
fluoropolymer samples. The study of fluorinated polyethylene samples had the dual 
purpose of giving an appreciation of the surface sensitivity of XPS and SIMS to any 
kind of surface contamination on the sample, and of finding the best analysis conditions 
for such samples with XPS. This also allowed, the examination of the charge 
referencing and the binding energy shift problems which always arise when thick 
insulators are analysed by XPS. Information on the surface characteristics of 
commercial fluoropolymers analysed by XPS and SIMS is also described. In particular 
a database will be established of the XPS spectra consisting of the absolute values of 
the binding energies of the peaks and the separation between each component of the 
multi-component spectra. Similar investigations have been carried out by other authors 
([129], [131], [186]).
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6 . 2 .  Surface A nalysis o f  Com m ercial F luorinated  
Polyethylene Sam ples
These samples, provided by National Power were manufactured using a commercial 
fluorination process, by Bettix Ltd (code name DSM and BP which reflects the 
polymer of the original HDPE). They were in sheet form, of about 2-3 mm in 
thickness.
6.2.1 Sensitivity of XPS and SSIMS Techniques to 
Contamination.
Figure 6.1 and Figure 6.2 show the XPS survey of two samples coming from the same 
sheet. As expected, the Cls peak, FIs and Auger (Fkll) peaks, characteristic to the 
fluorinated surface are present on the spectra. There is also the presence of some 
oxygen probably arising from the surface oxidation during the fluorination process, as 
described in chapter 2. In Figure 6.2, there is also, a Si2p peak, whereas, in Figure 6.1 
there is no such peak and the oxygen peak is more intense (O/F ratio higher). This 
feature suggests the presence of poly dimethyl siloxane (PDMS) distributed non 
uniformly at the surface of the fluoropolymer. This organic silicon compound has a 
very low surface free energy and is widely used as a release agent in manufacturing 
processes. The chemical formula of PDMS is
CH3
I
—  ( Si-0 )„—
c h 3
The non homogeneous distribution of the PDMS, on a millimetre scale is also shown 
for the other samples in Table 6.1. On the same samples, the extent of contamination is 
so large that the fluorine peak on the XPS spectrum is not detectable as shown in 
Figure 6.3.
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Figure 6.1: XPS survey spectrum of a sample not having silicon on the surface (DSM 
HDPE 90890 sheet).
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Figure 6.2 : XPS survey spectrum of a sample coming from the same sheet and having 
some silicon on the surface.
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Figure 6.3 : XPS survey spectrum of a sample containing so much silicon on the 
surface that FIs and Fk l l  peaks are not detectable (BP HDPE 5740).
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Sample reference Side Analysed Analysis Name Presence of Silicon
DSM HDPE 9259 SIDE A MG001 N
MG002 N
MG021 Y
SIDEB MG004 N
MG023A N
MG024A Y
DSM HDPE 90894 SIDE A MG005 N
SIDEB MG006 Y
DSM HDPE 9089 SIDE A MG019 N
MG025 Y
MG027 Y
MG027A N
SIDEB MG020 Y
MG026 Y
MG028 N
MG028A N
Table 6.1 : Non homogeneous distribution of silicon at the surface of the DSM and BP 
samples.
The SIMS studies confirm the presence of PDMS. Figure 6.4 represents a positive 
spectrum of a non contaminated sample on which, peaks corresponding to fluorinated 
fragments such as CF+, C2F+, and also fragments from the polyethylene backbone such 
as C2H3+, C2H is+, appear clearly. In the contaminated spectrum (Figure 6.5) the signal 
arising from the polymer itself is hardly detectable. This spectrum is in fact very similar 
to the PDMS spectrum (Figure 6.6) because the major peaks at m/z = 73 (C3H9Si+) 
and m/z = 147 (CsHi5OSi2+) are also the two major ones in the classic SIMS PDMS 
spectra [255],
It is very important to note that PDMS contamination is commonly detected on the 
surface of samples analysed by XPS and SIMS as these techniques are very sensitive: 
In other less surface sensitive techniques, this contamination may not be detectable. 
For example RBS analyses have been carried out on the samples described above 
(Figures 4.30 to 4.33 in Chapter 4), and no silicon peak has been detected. It should be 
noted that the polyethylene samples used for the fluorination experiment in this work 
were not contaminated with PDMS as received nor became contaminated at any stage 
of the experiments.
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Figure 6.4 : Positive SIMS spectrum of DSM HDPE 9259 sample.
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Figure 6.5 : Positive SIMS spectrum of a sample heavily contaminated with PDMS.
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On-
Figure 6.6 : Standard Positive of PDMS, after [255],
Most of the samples analysed have a broad high resolution Cls spectrum indicating 
that the carbon atoms have more than one chemical state i.e. the carbons are bonded to 
1 or more fluorine atoms, as shown in Figure 6.7. Five peaks (labelled PI to P5 from 
the lowest to the highest binding energy), can be fitted to these carbon Cls spectra. 
Figure 6.8 represents the high resolution C ls spectrum of a sample whose surface is 
veiy contaminated with PDMS (survey spectrum in Figure 6.3).
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Figure 6.7 : Cls high resolution spectrum of most of the commercial fluorinated 
polyethylene analysed.
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Figure 6.8 : Cls high resolution spectra of the commercial fluorinated polyethylene 
whose surface is very contaminated with PDMS.
The peak positions in all spectra are shifted towards the higher binding energies 
because of surface charging of the non-conducting samples. The use of charge 
referencing is therefore necessary in order to find the absolute peak positions and thus 
to determine the different chemical environment of the carbons. The different charge 
referencing procedures used are described in the next section.
6.2.2 XPS External Charge Referencing
The use of external charge references consists of contaminating of the surface with 
using a compound with a known binding energy and that does not chemically react 
with the sample, as described in Section 3.1.7.3.4. The shift due to the surface 
charging was determined by calculating the difference between the experimental and 
standard binding energies of the element chosen as reference. There are two alternative 
options, the first, using existing surface contamination (PDMS) and the second, using 
an added reference material deliberately placed on the surface such as gold or 
hexatriacontane (saturated hydrocarbon).
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6.2.2.1 The Use of the Si2p and O ls peaks of PDMS as Reference 
Peaks
The empirical values of the binding energies of the silicon 2p and oxygen Is in PDMS 
are respectively 101.8 and 532 eV [124]. Table 6.2 to Table 6.5 summarise the value 
of the peak positions as recorded and then corrected as described above. Table 6.3 and 
gives the absolute peak position of PDMS and various fluoropolymers given in the 
literature [124]. Comparing Table 6.4 with Table 6.5, it has been found that Ols 
charge referencing seems to give more consistent results. Indeed, for most of the 
analyses, a corrected peak at about 284,4 eV appears which is the peak position of the 
carbon Cls of the PDMS in Table 6.3. Concerning the analysis MG006 (Figure 6.8), a 
single peak could be fitted to the high resolution carbon Cls spectrum and this appears 
after correction at the 284.4 eV position. These two features suggest that the thickness 
of the contamination is so great (about 2 to 5 nm i.e. the analysis depth of XPS) that 
the analytical signal from XPS is composed mainly of the PDMS layer.
Analysis
Number
Sample
Name
Side
......
Si 2p O is | Peak
[ p i  ;
Peak
P2
Peak
P3
| Peak 
P4
Peak
P5
F Is
MG006 DSM HDPE 
90894
B 107.5 537.3 289.7 / / / / 693.3
MG007 BP HDPE 
5740
A 107.2 537.0 287.4 289.4 290.4 293.3 296.0 693.1
MG008 BP HDPE 
5740
B 106.6 536.6 289.5 / / / / /
MG009 BP HDPE 
5740
A 107.3 537.1 289.2 290.3 291.7 293.6 296.1 693.0
MG010 BP HDPE 
5740
B 108.2 538.3 289.4 290.6 292.6 294.9 297.1 694.0
Table 6.2 : Positions of the Peaks fitted to the Cls spectra before charge referencing.
No value (/) indicates that no peak was detectable.
Name [ Formula | C Is | - O ls [Si 2p
PDMS -Si02(CH3)- 284.4 532.0 101.8
Table 6.3 : Peak positions of PDMS (eV), after [124]
170
Chapter 6 : Surface Analysis o f Commercial Fluorine Containing Organic Polymers
Analysis
Number
Sample
Name
Side Si 2p 
(Lite)
Si 2p 
Shift
PI
Correct
P2
Correct
P3
Correct
P4
Correct
P5
Correct
F Is
Correct
MG006 DSM
HDPE
90894
B 101.8 5.7 284.0 / / / / 687.6
MG007 BP
HDPE
5740
A 101.8 5.4 282.0 284.0 285.0 287.9 290.6 687.7
MG008 BP
HDPE
5740
B 101.8 4.8 284.7 / / / / /
MG009 BP
HDPE
5740
A 101.8 5.5 283.7 284.8 286.2 288.1 290.6 687.5
MG010 BP
HDPE
5740
B 101.8 6.4 283.0 284.2 286.2 288.5 290.7 687.6
Table 6.4 : The corrected positions of the peaks fitted to the Cls spectra using Si 2p as 
charge reference. No value (/) indicates that no peak was detectable.
Analysis
Number
Sample
Name
Side O Is 
(Lite)
l i i i
Shift
PI
Correct
P2
Conect
P3
Correct
P4
Correct
P5
Correct
F Is 
Correct
MG006 DSM
HDPE
90894
B 532.0 5.3 284.4 / / / / 688.0
MG007 BP
HDPE
5740
A 532.0 5.0 282.4 284.4 285.4 288.3 291.0 688.1
MG008 BP
HDPE
5740
B 532.0 4.6 284.9 / / / / /
MG009 BP
HDPE
5740
A 532.0 5.1 284.1 285.2 286.6 288.5 291.0 687.9
MG010 BP
HDPE
5740
B 532.0 6.3 283.1 284.3 286.3 288.6 290.8 687.7
Table 6.5 : The corrected positions of the peaks fitted to the Cls spectra using Ols as
charge reference. No value (/) indicates that no peak was detectable. Values in bold 
type indicate those similar to the position of Cls of PDMS and values with a grey 
background indicate those similar to Cls and FIs of PVdF.
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Name Formula PeakPJ Peak P2 F Is
PVF
PVdF
PTFE
-c h f -c h 2-
-c f2-c h 2-
-c f2-c f2-
285.7
286,4
'"292.5
287.0
IIH Ill
686.9
688.2
689.7
Table 6.6 : Peak position of different fluoropolymers (eV), after [124].
After these preliminary investigations on the surface characteristic of the commercial 
fluorinated polyethylene, several conclusions can be drawn. Firstly, the surface consists 
of fluorine in a mixture of chemical environments. Nevertheless, a PVdF structure can 
be considered because some corrected Cls and FIs peaks are in similar positions to the 
Cls and FIs ones of the PVdF (Table 6.6). Secondly, the adventitious contamination 
of the surface, (PDMS), is not homogenous (on the lateral scale of the analysis) in 
distribution and in thickness, leading to the difference in the results whether Ols is 
Si2p is used as reference peak (Figure 6.1 and Figure 6.2). The choice the oxygen as 
reference is, however, more satisfactory. Therefore, the PDMS contamination as a 
reference material is not an accurate method and it is preferable to use another material 
with well established binding energies, put deliberately on the surface.
6.2.2.2 The Use of External Charge Referencing Materials 
Deliberately Applied to the Surface
Two external charge referencing procedures have been investigated. The first method
consists of spreading some crystals of hexatriacontane, a saturated hydrocarbon whose 
formula is (n-C36H74), on the surface by means of a spatula, which yields at Cls singlet 
that is corrected to a binding energy of 285.0 eV [124]. The second method is to 
evaporate gold dots onto the surface and to use as reference the 4f7/2 gold level at 
83.8 eV. This metal has been used by Clark et al [129] as reference for the XPS 
analysis of fluoropolymers.
Table 6.7 shows the peak positions calculated from these two references. Gold gives 
peak positions which have a binding energy lower than anticipated. This arises because 
the isolated gold dots introduce a non-uniform distribution of surface charge and 
variable surface potential. Therefore, it appears that hexatriacontane is the most 
appropriate material for a charge reference and was used in subsequent work.
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Reference material PI ! P2 P3 P4 i PS F I s
none 287.5 288.6 290.2 292.6 295.1 692.2
Gold 282.0 283.2 284.8 287.4 289.9 687 4
Hexatriacontane 285.0 286.2 287.8 290.4 292.9 689.8
- Table 6.7 : Peak positions of one samples according different reference material 
considered (eV).
6.2.3 Accuracy of the XPS Results of the VG Scientific 
ESCALAB M idi
A sample has also been analysed using the Scienta ESCA 300 at RUSTI, at the 
Daresbury Laboratory, UK. This spectrometer, as described in Chapter 3, has a better 
resolution than the VG Scientific ESCALAB Mkll. Five peaks can also be fitted to the 
Cls high resolution spectrum and these have similar separations to the peaks of the 
high resolution Cls spectrum of the equivalent sample analysed with the ESCALAB 
(Figure 6.9 and Figure 6.10). It can therefore be concluded that the peak fitting 
procedure adopted for the interpretations of the VG Scientific ESCALAB Mkll data 
are reliable and accurate.
700
1 i . i ■ i—: ■ 11 -j....  i -----—- ------ r-
"CIS Ps p4
500
300
• VyOv/V -
100
288 290 292 294 296 298 300 302 
Binding Energy /  eV
P2-PI P3-P1 P4-P1 P5-P1
1.8 4.1 6.5 J  8.9
Figure 6.9 : Cls Carbon high resolution XPS spectrum of a sample analysed with 
ESCALAB, with the values of the peak separations, eV.
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Figure 6.10 : Cls Carbon high resolution XPS spectrum of a sample analysed with 
SCDENTA ESCA 300, with the values of the peak separations, in eV. Note the binding 
energy scale increases right to left.
The intensities of Pi is higher in the SCIENTA ESCA 300 because hexatriacontane 
reference material has been deposited on the sample surface.
6.2.4 Determination of the Optimum Analysis Conditions 
for XPS
To check for evidence of surface damage, some analyses have been run several times 
consecutively using the standard analysis conditions (Table 6.8). Each analysis lasts for 
about 40 min. Figure 6.11 gives the overlap of the high resolution carbon Cls spectra 
of three consecutive analyses done under these conditions. The spectra do not 
coincide, even between the first and second run. This means that during a single 40 min 
analysis, the sample surface becomes significantly damaged by the beam and therefore, 
the spectrum may correspond to the products of degradation. Some investigations 
have been carried out in order to find the best analysis conditions for minimal effect of 
the surface degradation on the spectrum. The optimum conditions are summarised in 
Table 6.8. Figure 6.12 shows a satisfactory overlap of two high resolution carbon Cls
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spectra, corresponding to the analysis of a sample run consecutively three times under 
the optimum conditions. The surface is not significantly damaged after 120 min of 
exposure. As a single analysis lasts for only 40 min it is therefore safe to analyse the 
- sample under these conditions.
Conditions | Current Emission (A1 source)
STANDARD IN ! 34 mA
OPTIMUM HALF OUT 20 mA
Table 6.8 : Optimum analysis conditions for the analysis of the fluorinated polyethylene 
and fluoropolymers
Is* analysis 
2nd analysis 
3rd analysis 1
500 b
280 282 284 286 288 290 292 294 296 298 300 302 304 
Binding Energy /  eV
Fiorir  ^f i l l -  Qvcrlan o f  Cl s carbon hi ah resolution sneetra o f  a samnle analvsed three
"O ■ • ' r  o   “ i---—    1------- j  —  _
times consecutively under the standard analysis conditions, each analysis lasting for 40 
min (DSM HDPE 9259 sample).
4000 - CIS 
3500 -
3000
U 2500
2000
s  1500
1000 -
280 282 284 286 288 290 292 294 296 298 300 302 304 
____________________ Binding Energy /  eV
Figure 6.12 : Overlap of Cls carbon high resolution spectra of a sample analysed 
several times consecutively under the optimum analysis conditions, each analysing 
lasting for 40 min (BP HDPE 5120 sample).
The optimum conditions established for material batch BP HDPE 5120 (Figure 6.12) 
have also been confirmed to be valid for all other batches of material, including DSM 
HDPE 9259 (Figure 6.11) used to demonstrate the effects of the standard analysis 
conditions on the surface of the samples.
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6.3. Establishm ent o f a X PS D atabase C om m ercial 
Fluoropolym ers
The surfaces of commercial fluoro-homopolymers and fluoro-copolymers were 
analysed. The fluorinated homopolymers were polyvinyl fluoride (PVF), polyvinylidene 
fluoride (PVdF) and polytetrafluoroethylene|(PTFE). The fluorinated copolymers 
included perfluorinated ethylene-propylene (FEP), perfluoroalkoxy (PFA), kynar2850 
and ethyltetrafluoro ethylene (ETFE).
Each sample was prepared for analysis in a similar fashion. It was put on the sample 
stub with a double sided adhesive tape. The surface was scraped using a scalpel and 
hexatriacontane was rubbed on as described above.
6.3.1 Homopolymers Analysis
The repeat units of PVF and PVdF are, respectively, -(CH2-CHF)- and -(CH2-CF2)-. 
According to this formula, the carbon atoms of these two polymer have two different 
chemical environments. Figure 6.13 to Figure 6.15 and Figure 6.17 to Figure 6.19 
represent the XPS survey, the Cls and FIs high resolution spectra of respectively of 
PVF and PVdF. Cls, FIs and Fkll are present on both survey spectra (Figure 6.13 and 
Figure 6.17). The high resolution Cls spectra have two components (Figure 6.14 and 
Figure 6.18). The one at the lower binding energies represents the carbon bonded to 
the two hydrogen atoms, and the one at the higher binding energies represents the 
carbon bonded to the fluorine atoms (CFH for PVF and CF2 for PVdF). The 
fluorocarbon groups are at higher binding energies because F is more electronegative 
than H. These peaks have the same size, width and are symmetrical because CH2 and 
CFH for PVF, CH2 and CF2 for PVdF components are in the same proportions. The 
corresponding peak separation are 2.2 eV for PVF, and 4.5eV for PVdF (Figure 6.16 
and Figure 6.20), which is consistent with the literature [124]. The absolute peak were 
determined using hexatriacontane as charge referencing and are summarised in Table 
6.10 and Table 6.11.
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Figure 6.13 : XPS survey spectrum of a PVF
sample
o 2000
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Figure 6.14 : High Resolution Cls spectrum 
of PVF
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Figure 6.15 : High Resolution FIs spectrum 
ofPVF
Figure 6.16 : High Resolution Cls spectrum 
of PVF with hexatriacontane reference 
deposit
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Figure 6.17 : XPS survey spectrum of a 
PVdF sample
Figure 6.18 : High Resolution C ls spectrum 
of PVdF
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Figure 6.19 : High Resolution FIs spectrum Figure 6.20 : High Resolution Cls spectrum 
of PVdF of PVdF with hexatriacontane reference
deposit
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The repeat unit of PTFE is -(CF2-CF2)-. The survey spectrum (Figure 6.21) shows the 
presence of Cls, FIs and ¥kll- The high resolution carbon Cls spectra is formed of a 
sharp and symmetrical peak (Figure 6.22). Only one component can be fitted in the 
peak as the carbon atoms of PTFE have only one chemical environment. Qn the lower 
binding energy, there is a smaller signal which is an A IK ^  X-ray satellite arising as a 
consequence of the unmonochromated AlKa source (Chapter 2). Absolute peak 
positions, determined by the used of hexatriacontane on the surface (Figure 6.23) are 
summarised in Table 6.12, pagel85.
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Figure 6.21: XPS survey of a PTFE sheet
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Figure 6.22 : High resolution Cls 
spectrum of PTFE.
Figure 6.23 High resolution Cls 
spectrum of a PTFE sample with 
hexatriacontane reference deposit
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6.3.2 Copolymers Analysis
FEP is a copolymer formed of units of tetrafluoroethylene (TFP) and 
hexafluoroethylene (HFP). PFA contains a fluorocarbon backbone in the main chain 
and randomly distributed perfluorinated ether side chains (PFE). Their chemical 
formulae are :
Figure 6.24 : Chemical formula of repeat unit of FEP and PFA
These two copolymers have similarities in their structures : both are composed of a 
fluorocarbon backbone and have side chains containing some additional fluorocarbons 
groups. This is expected to give similar XPS results.
The XPS spectra of both copolymers are similar to the PTFE spectra (Figure 6.21 to 
Figure 6.23; Figure 6. 25 to Figure 6.30). The high resolution carbon Cls spectra is 
formed of a sharp and symmetrical peak (Figure 6.27 and Figure 6.28). An X-ray 
satellite (from A1K« source) is also present on the spectrum. The existence of a single 
fitted peak in the high resolution carbon Cls spectrum may signify that fluorine 
provides such a large first chemical shift that the effect of the secondary chemical shift 
is negligible. The small influence of the secondary chemical shift has been also noticed 
by Clark in the case of homopolymers ([129]). The non detection of any secondary 
shift effect can also indicate that the number of side chains is quite small i.e. in the case 
of FEP m /n « l (Figure 6.24). The absolute peak positions determined using 
hexatriacontane for charge referencing (Figure 6.29 and Figure 6.30) are summarised 
in Table 6.13 page 185.
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Figure 6. 25 : XPS survey spectrum of FEP Figure 6. 26 : XPS survey spectrum of PFA
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Figure 6.27 : High resolution C ls spectrum of Figure 6.28 : High resolution C ls spectrum of 
FEP. PFA
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Figure 6.29 : High resolution Cls spectrum of Figure 6.30 : High resolution Cls spectrum of 
FEP with hexatriacontane reference deposit. PFA with hexatriacontane reference deposit.
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Kynar 2850 is a fluoropolymer manufactured exclusively by Elf Atochem. The 
technical information sheet indicates that this material is a copolymer of 
polyvinylidenefluoride (PVdF) containing 5% by weight of hexafluoroethylene (HFP). 
Therefore the chemical formula should be :
HFP PVdF type
with 150m/(150m+64n)=0.05
Figure 6.31 : Empirical repeat unit of kynar 2850
The ratio given in Figure 6.31 signifies that the proportion of HFP in the copolymer is 
very low and therefore the XPS spectrum should be very similar to the PVdF one with 
perhaps the peak in the higher binding energy slightly bigger and broader than the one 
for the lower binding energies.
The XPS survey spectrum reveals the presence of oxygen on the surface of the sample 
(Figure 6.33). the Cls high resolution spectrum is formed of two distinct but 
asymmetric peaks (Figure 6.34). The size of the one in the higher binding energies is 
one third of the size of that found in the lower binding energies. This feature signifies 
that the CH2 and CF2 groups in the PVdF structure can not be present in the same 
proportion. The chemical formula suggested above is therefore not applicable to the 
sample surface and a revised chemical formula is proposed :
CF,
-(CF-CF2)m-(CF2)n-(CH2)p-
with m+n+p=T00
Figure 6.32 : Revised chemical formula for the surface of kynar 2850
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Figure 6.33 : XPS survey spectrum of a Figure 6.34 : High resolution Cls spectrum of 
Kynar 2850 sample. kynar 2850
Three components can be fitted to each of the two peaks of the high resolution Cls 
spectrum (Figure 6.33). The first peak components, starting from the highest binding 
energies consists of CF3 , CF2  and CFH, and the second group, of CO, CH2 and a 
further CH2 in a different chemical environment.
The m, n, p values defined in Figure 6.32 can be determined according to two different 
methods, which were adapted from the ones given by Clark et al for the determination 
of the m and n value of viton ( [129], [131]). These methods consist of calculating the 
degree of incorporation of hexafluoropropene (HFP) from the percentage of the total 
area due to Cls levels represented by each peak. First of all, the oxygen peak is caused 
by contamination and is not taken into account. Therefore the percentage area of each 
peak are recalculated ignoring the oxygen :
€H2 M H H I ® 1 | 1 M i...
When oxygen is taken into account 7% 43% 3% 20% 5 %
When oxygen ts not taken into account = 9% 55% 4% 26% [ 6%
Table 6.9 : Percentage area of each peak.
From Table 6.9, the value of p can be directly determined and is equal to 64.
182
Chapter 6 : Surface Analysis o f Commercial Fluorine Containing Organic Polymers
First method : Considering the stoichiometry of the HFP unit, the mole percentage of 
HFP in the copolymer is three times the area of the peak corresponding to CF3 group. 
The value of m is thus equal to 18. Because m+n+p=100, and p = 18 (determined 
above), n is therefore equal to 18.
Second method : The combined area of the peaks due to CF2 and CF designated as 
(A), is made of two-thirds of the total Cls peak area corresponding to HFP and the 
total Cls peak area corresponding to the (CF2)n group, i.e.
A = 2/3 HFP + (CF2)n Equation 6.3.1
with A = %(CF) + %(CF2).
By definition %HFP + %(CF2)n + %(CH2)P = 100. Equation 6.3.2
Hence %HFP = 3(100-A-%(CH2)P) Equation 6.3.3
Taking values for A and CH2 from Table 6.9,
%HFP = 3(100-30-64) = 18
Therefore, the chemical formula of the copolymer is :
C F 3
-(CF-CF2)18-(CF2)18-(CH2)64-
According to this formula, the weight proportion of HFP in the copolymer is 0.6 which 
is ten times more than that it was stated by the technical information sheet. It is 
impossible for the surface of the copolymer to contain only 5 wt% of HFP due to the 
height of the CFH and CF2 peaks. These observations indicate that the material is not 
homogeneous. Diffusion of HFP up to the surface of the copolymer could have 
occurred, leading to the disruption of the vinylene fluoride structure.
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ETFE is a copolymer formed from a mixture of ethylene and tetrafluoroyethylene and 
is also known under the trade name of Tefzel (DuPont). The repeat unit of this 
polymer is - (C H 2) m-(C F 2)n-.
The XPS survey shows the Cls, FIs and Fkll peaks. The high resolution Cls spectrum 
is formed of two peaks of the same size (Figure 6.36). One component can be fitted to 
each peak. These peaks represent the CH2 and CF2 groups and are separated of 4.7 eV 
from each other. The size similarity of both peaks indicates that the ethylene and 
tetrafluoropolyethylene are present parts in the same proportion in the copolymer. 
Thus m = n. The absolute peak position were determined using the hexatriacontane as 
referencing method (Figure 6.37) and are given in Table 6.14 page 185.
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Figure 6.35 : XPS survey of ETFE.
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Figure 6.36 : High resolution Cls spectrum 
of ETFE
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Figure 6.37 : High resolution Cls spectrum of 
ETFE contaminated with hexatriacontane.
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6.3.3 XPS Database of Commercial Fluoropolymers
The peak positions and separations of the fluoropolymers determined above are 
summarised in the following tables :
-OTrCFH- -CH2-CFH- -CHrCFH-
Experimental 286.3 eV 288.5 eV 687.3 eV
Literature [124] 285.7 eV 287.9 eV 686.9 eV
Literature [129] 285.9 eV 288.4 eV 689.3 eV
Table 6.10 : Absolute positions of the XPS peaks of PVF, experimentally found and 
compared with those found in the literature.
-CH2-CF2~ -CH2-CF2- -CH2-CF2~
Experimental 286.8 eV 291.3 eV 688.1 eV
Literature [124] 286.4 eV 289.9 eV 688.2 eV
Literature [129] 286.3 eV 290.8 eV 689.6 eV
Table 6.11: Absolute positions of the Xf S peaks of TVdF, experimentally found and 
compared with those found in the literature.
-c f 2-c f 2- -C£rCF2-
Experimental 293.5 eV 690.4 eV
Literature [124] 292.5 eV 689.7 eV
Literature [129] 292.2 eV 690.2 eV
Table 6.12 : Absolute positions of the XPS peaks of PTFE, experimentally found and 
compared with those found in the literature.
Carbon peak position- Fluorine peak position
PFA 293.7 eV 690.5 eV
FEP 293.1 eV 690.0 eV
Table 6.13 : Absolute positions of the XPS peaks of PFA and FEP.
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-CH2-CFH- | -CH2-CFH- I -CH2-CEH-
Experimental 287.1 eV 291.8 eV 688.9 eV
Table 6.14 : Absolute positions of the XPS peaks of ETFE.
A(C(1)-C(2)) A(C(1>F) A(C(2)-F)
PVdF 4.5 401.3 396.8
PVF 2.2 401.0 398.8
PTFE / / 396.8
396.9
FEP i / / 396.9
PFA / / 396.8
ETFE ; 4.7 401.8 397.1
The first column with values corresponds to the separation o f the fitted components o f the 
carbon spectrum, when the spectrum is fitted with two peaks.
The second column corresponds to the separation between the carbon peak in the lowest 
binding energy and the fluorine peak.
The third column corresponds to the separation between the carbon peak in the highest 
binding energy and the fluorine peak.
Table 6.15: Separations between the different peaks fitted to the spectra.
The experimental values of the peak positions are consistently higher than the literature 
values. The peak separations are in good agreement for the two components of the 
carbon peaks but not for the C-F peaks (Table 6.10 to Table 6.12). The discrepancy 
can be explained in the difference in spectrometer. The literature data was recorded 
with a monochromated AlKa source and electron flood gun to reduce charging [124], 
with a unmonochromated MgKai,2 source [129], The experimental values were 
measured using an unmonochromated A1K« source, which in general yields spectra 
which require less compensation for surface charging [124] (this is a result of the 
“flood” electrons, from the aluminium window), and the peak positions were 
determined using hexatriacontane as material reference. Beamson et al [124] used also 
hexatriacontane for carbon peak referencing, whereas Clark et al [129] used a metallic 
gold for charge referencing.
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6 . 4 .  Information on Surface Structure Deduced from 
the SIMS Analysis
Figure 6.38 to Figure 6.43 represent normalised raw spectra of standard 
fluoropolymers. Peaks of Fluorine containing fragments appear on each spectra, as 
expected but with different intensities. This probably means that each type of 
fluoropolymer has a different fragmentation pattern.
'c f2h*
g, 500 -•
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O 2000 -■
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Figure 6.38 : Positive PVF SIMS Figure 6.39 : Positive PVdF SIMS
spectrum spectrum
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Figure 6.40 Positive PTFE SIMS Figure 6.41 : Positive ETFE SIMS 
spectrum spectrum
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Figure 6.42 Positive PFA SIMS Figure 6.43 Positive FEP SIMS 
spectrum spectrum
The plot of the intensities of secondary ions corresponding to the mass of the repeat 
units of common fluoropolymers has been done in Figure 6.44. One can observe that 
the intensity of mass 28 is maximum for HDPE, which is expected since mass 28 is the 
repeat unit mass of this polymer. The secondary ion intensity which is maximum in 
each polymer corresponds to the mass of the repeat unit. Thus, the intensities of mass 
46, 63 and 100 are respectively maximum for PVF, PVdF and PTFE. Moreover, the 
intensity of mass 100 hardly appears in the analysis of HDPE which is expected since 
this polymer does not have any CF2-CF2 fragment in its backbone. In the same way, 
the intensity of mass 28 is very low in the analysis of PTFE since this material does not 
have any CH2-CH2 groups in its structure. The normalised of intensities for FEP and 
PFA are similar to those of PTFE. These results are in agreement with XPS, showing 
that these two copolymers have similar compositions to PTFE and therefore give 
similar spectra.. From these results, it can be seen, therefore, that the SEMS provides 
an elegant means of characterising the surface molecular structure.
188
Chapter 6 : Surface Analysis o f Commercial Fluorine Containing Organic Polymers
E2 Mass 28 (CH2-CH2) 
HMass 46 (CH2-CHF)
□ Mass 64 (CH2-CF2)
□ Mass 100 (CF2-CF2)
PVDFHDPE
Figure 6.44 : Normalised secondary intensities of characteristic masses
Fluoropolymer databases for XPS and SIMS have now been established. The XPS data 
has the advantage that it complements and expands the literature information. It 
demonstrates that the spectra are reproducible, but the absolute peak positions may be 
instrument dependent. The SIMS work demonstrates that the fluoropolymers can be 
characterised by the intensities of secondary ion peaks from the repeat unit The 
information will be used to interpret results from the HDPE samples fluorinated 
experimentally.
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Chapter 7
The Surface Chemistry 
of 
Fluorinated High Density Polyethylene
7.1. Introduction
The surface chemistry of the fluorinated polyethylene samples has been studied and 
characterised using XPS and SIMS. XPS is the standard method of deriving chemical 
environment information about the out near surface layers. SIMS complements XPS 
because of its superior spatial resolution and detection limit, and ability to identify 
surface molecular fragments. Much of the XPS and SIMS results are in good 
agreement, but additional information, unique to SIMS is acquired. For reasons of 
clarity, this chapter is split into two main parts which are the information collected 
from the XPS data and those collected from the SIMS.
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7.2. X PS A nalysis o f  Fluorinated H D PE
7.2.1 Characterisation of the Surface Chemistry
7.2.1.1 XPS Peak Assignment in the C ls Spectra
The study of the surface chemistry was first investigated as a function of fluorination 
time. The samples analysed with the ESCA 300 spectrometer at Daresbury and with 
the ESCALAB Mkll at the University of Surrey gave the same characteristics : a 
broad Cls peak showing that the carbon backbone of the polymer has more than one 
chemical environment and fluorine peaks (FIs and Fkll)- In addition some oxygen was 
always present at the surface.
The high resolution Cls spectra were all peak fitted with five components (Figure 4.24 
in Chapter 4), the separations between the second, the third and the fourth peak being 
the same for each analysis. These peaks can be schematically represented in Figure
7.1 :
c m
1.1 eV 2.2 eV 2.3 eV 2.4 eV
Figure 7.1: Schematic representation of the assignments of the peak separations for 
Cls spectra of the fluorinated polyethylene, fluorinated for 2 hours at room 
temperature.
Peak 2 represents CH2 groups adjacent to CFn groups. Peaks 3 and Peak 4 represent 
respectively CFH and CF2. The existence of these peaks may signify that the 
substitution of all the hydrogen of the polymeric chains by fluorine atoms is not 
completely achieved. The large peak corresponding to CFH groups can be explained if
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the substitution occurred firstly on one of the two hydrogen atoms of the backbone 
structure, then on the other hydrogen, instead of occurring simultaneously on both 
hydrogen atoms bonded to the same carbon atom. A schematic of the two possible 
reaction mechanisms is given in Figure 7.2.
F2 (P2) (Ps) (Ps) (P3) F2 (P2) (Ps) (P4) (P4)
-CH2-CH2-CH2-CH2- ----------► -c h 2-c h f -c h f -c h f ->— ----- ►-CH2-CHF-CF2-CF2-
1 2 3
Scenario A
F2 F2
-CH2-CH2-CH2-CH2—--------► -CH2-CH2- CF2-CF2----------► -CH2-CHF-CF2-CF2-
Scenario B
Figure 7.2 : Different scenarios for the reaction mechanism for the fluorination of 
HDPE. According to the XPS results, scenario A is more likely to happen. Peak 
identification comes from Figure 7.1.
Peak 3 represent CF3 groups which terminate the polymeric chains. They probably 
stem from the substitution of fluorine atoms for the hydrogen atoms of CH3. HDPE is 
known to be a linear polymer with little branching [247]. There are generally 1 to 5 
branches per 1000 carbons. The molecular weight Mw of HDPE samples used is in the 
range of 200 000 to 300 000 (section 4.8.5). This corresponds on average, to chains of 
10000 repeat unit -(CH2-CH2)- long. The maximum number of branches per chain is 
therefore equal to 100 corresponding to a number of branches < 1. If the CF3 groups 
corresponded only to the fluorination of the branches and end chains, the peak in the 
XPS Cls high resolution would not be detectable. Therefore, the fact that CF3 groups 
are observed may signify that the fluorination reaction is so violent that the polymeric 
chains are broken, allowing the formation of methylene groups which are subsequently 
fluorinated.
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The significance of Peak 1 is less straight forward to appreciate. It represents chains of 
polyethylene backbone which are not fluorinated at all. This reflects the fact that the 
crystallinity is not completely destroyed during the fluorine diffusion in the polymer. As 
shown in chapter 5, the fluorination occurs only in amorphous areas of the polymer. 
The lack of fluorination may therefore correspond to some residual of crystallinity. An 
alternative possibility that the unfluorinated chains arise from reaction of a processing 
aid such as low molecular poly-hydrocarbons must be considered. However, the 
manufacturers have confirmed that no materials of this type have been used in this 
processing [256], The presence of Peak 1 at a lower binding energy may also be 
indicative of long life radical carbon atoms (R+), that are found to exist in some 
polymers when irradiated with y-rays. To verify this hypothesis, irradiated HDPE films 
were analysis by XPS. No difference was noticed in the Cls high resolution spectra 
compared to the non irradiated HDPE (Figure 7.3). Therefore, Peak 1 can not 
represent the radical carbon atoms.
-  SURVEY
3500
u 2500
1500
500 -
Binding Energy /  eV •
-  Cls
4500
0 3500
n 2500 -
1500 -
500
285 290
Binding Energy /  eV
280 295 300
Figure 7.3 : XPS spectra of irradiated HDPE films, a) survey spectrum, b) high 
resolution Cls spectrum.
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As described previously (Section 2.3.3.2), the progress of fluorination may be limited 
by steric effects. As fluorination proceeds, the carbon skeleton may become protected 
by a sheath of fluorine atoms of which the non bonded electron cloud repels incident 
atoms, reducing the effectiveness of the fluorine-carbon atom collisions. Steric effects 
may prevent an individual chain in a crystalline array from fluorination. However, 
another part of the same chain may fluorinate and so prevent adjacent chains in the 
region of the molecule fluorinating. This situation is shown in Figure 7.4, where 
alternative chains are fluorinated in the upper and lower half in the diagram. The region 
where the mismatched chains meet is a possible site for chain scission.
Array o f  polymer chains
Peak 1Fluorination sterically 
hindered
Favourable site
for chain scission
Peak 2
Fluorination sterically 
hindered
Figure 7.4 : A possible scenario showing how steric effects can give rise to chain 
scission and a possible explanation of peak 1 and peak 2 in the Cls spectrum.
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The surface of a fluorinated sample was scraped with a scalpel to remove the 
fluorinated layer prior to XPS analysis (Figure 7.5). The intensities of CFX peaks and 
Peak 2 appeared to be very small, compared to that of Peak 1. This observation 
confirms that Peak 1 is related to unfluorinated material in the specimen.
2000 ’ Cls
1600
u 1200 -
800
400
286 288 290 292 294 296 298 300 
Binding Energy /  eV
Figure 7.5 : High resolution Cls spectrum of a F-HDPE sample scrapped with a 
scalnel with five neak comnonents in the neak fittincr The spectra! components arex  ■> i  x - - -  - r  <d  r  r
from left to right, CH2, CH2 fiuo, CFH, CF2, CF3 .
The next issue is to consider the peak separation. The separations between Peaks 2, 3, 
4 and 5 remained constant even at different take of angles (TOA 75, 45, 15 or 0°). The 
separation between Peak 3 (CFH groups) and Peak 2 (CH2 groups) is equal to 2.2 eV, 
which is equal to the separation between CFH and CH2 groups of standard PVF 
(-CH2-CFH-) (Table 6.3.7). Moreover, the separation between Peak 4 and Peak 2 is 
4.5 eV (Figure 7.1), which is equal to the separation between the CF2 and CH2 groups 
of PVdF (-CH2-CF2-) (Table 6.3.7). Therefore, it is concluded that the surface of the 
fluorinated sample is composed of structures related to PVF and PVdF.
7.2.1.2 Verification of the Existence of the Five Peaks in the C ls  
spectra.
In order to verify the peak separation values determined above, PVdF, PVF and PTFE 
samples were concurrently fluorinated (Figure 7.6 to Figure 7.8). The peak fitting of
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the high resolution Cls spectrum of F-PVF gave four components whose separations 
were the same as those of between Peaks 2, 3, 4 of F-HDPE. Little surface damage 
seems to have occurred since there is no CF3 component. The peak fitting of the Cls 
line of F-PVdF gave six components. The sixth component may result from some 
oxidation of the surface occurring at the end of the fluorination. Nevertheless, for the 
other peaks, the separations were consistent with those of Figure 7.1. F-PTFE 
remained unchanged. The surface was not even oxidised. Therefore, as expected, 
PTFE is insensitive to fluorine gas attack, as carbon atoms in PTFE are saturated with 
fluorine atoms and no more fluorine atoms can react chemically with the material.
20001
1500
5 1000
500-
276280 , , 
Binding E nergy (eVJ
FIs
O ls C ls
Figure 7.6 : Fluorinated PVF 10A 20% F2/N2 60 min, a) Survey spectrum, b) High resolution 
Cls spectrum. The spectral components with the Cls spectrum are from right to left, CH2, 
CH2 Fluoj CFH, CF2, CF3.
F-PVOF
2500
2000
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C ls 1000O ls
500o
276284 280, ,
Binding E nergy  leVJ
288
Figure 7.7 Fluorinated PVdF 10A 20% F2/N2 60 min, a) Survey spectrum, b) High resolution 
Cls spectrum. The spectral components with the Cls spectrum are from right to left, CH2, 
CH2 Fluo, CFH, CO, CF2, CF3.
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Figure 7.8 Fluorinated PTFE 10A 20% F2/N2 60 min, a) Survey spectrum, b) High resolution 
Cls spectrum.
Let C be the carbon concentration in atomic percentage on the surface determined by 
quantification, and CF„, total, be the percentage of Cls peak which is fluorinated. Hence 
the concentration of carbon atoms (in At.%) which are bonded to fluorine atoms, x  is 
given b y :
x =
CFn.totcd
c total
xC
Peak area
Equation 7.1
As Ctotai from peak area is taken as 100%., Equation 7.1 becomes :
x  = total X C  
100
Equation 7.2
If x is equal to the surface concentration of fluorine F, this supports the view that the 
peaks in the Cls spectra have been correctly assigned. Table 7.1 shows examples of 
good agreement between x  and F.
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t
(min)
c f 3 c f 2 CFH CFn. total C F
Peak Area % Atomic %
5 0.6 22.1 52 74.7 56.5 43.5 42.2
30 0.6 26.7 50.8 78.1 55.6 44.4 43.4
60 0.9 31.7 49.4 82 52.6 47.4 43.1
Table 7.1 : Verification of the agreement between the atomic percentage of fluorine 
determined by quantification with x, the percentage of carbon atoms bonded to fluorine 
atoms, x is determined from Equation 7.1. CF3, CF2 and CFH are values fractions of 
the total Cls peak area, expressed as % area.
Thus the data of Table 7.1 indicates that the interpretation of the high resolution Cls 
spectra in term of 3 CFn (with 1 < n < 3) is consistent with the integrated concentration 
of carbon and fluorine in the XPS analysis. It is clear, that given the small variations in 
the peak areas of the Cls components as a function of time and at room temperature, 
that this test is not a stringent one. It does indicate, however that there is no serious 
shortcoming of the Cls peak fitting scheme indicated in Table 7.1.
7.2.1.3 Determination of the Absolute C ls and FIs Peak Position in 
XPS Spectra.
The absolute Cls and FIs peak position of samples of set 1 (fluorinated for 2 hours at 
room temperature) have been determined using hexatriacontane (HTC) as charge 
referencing material (Chapter 6). Figure 7.9 shows a high resolution Cls spectrum of a 
F-HDPE sample with hexatriacontane reference deposit. The spectrum equivalent to 
the analysis of the sample with no hexatriacontane is given in Figure 4.24. The peak at 
the lowest binding energy on Figure 7.9 correspond to the Cls of hexatriacontane. Pi 
described in Figure 7.1 is not detected and is swamped by the signal of the Cls of the 
reference material.
198
Chapter 7 :  The Surface Chemistry o f Fluorinated High Polyethylene
900 - Cls
700 -
500 -
300 -
100 k
Binding Energy / eV
Figure 7.9 : High Resolution Cls spectrum of a F-HDPE with hexatriacontane 
reference deposit. The spectral components with the Cls spectrum are from left to 
right, CH2, CH2 nuo, CFH, CF2, CF3.
Table 7.2 summarises the absolute peak position of the Cls and FIs peaks of F-HDPE 
calculated using hexatriacontane as'charge reference material.
C ls FIs
Pi P2 P3 P4 P5
285.6 286.9 289.1 291.4 292.0 688.1
Table 7.2 : Absolute peak position of the Cls and FIs peaks of F-HDPE calculated 
using hexatriacontane as charge reference material, in eV. See Figure 7.1 for 
explanation of the peaks.
The position of PI as described in Figure 7.1 has been determined as follows. The 
schematic in Figure 7.10 shows the relative positions of the Cls peak for HTC and 
some of the polymer. The absolute position of Pi is calculated from the known values 
of the separations:
P2-P1
and HTC-P2
By subtraction:
(P2-HTC)-(P2-P1) = Pi 
which gives the position of Pi relative to the standard.
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HTC peak
Binding Energy
Figure 7.10 : Schematic of the relative position of some components of the Cls 
spectrum to the HTC peak.
From Figure 7.2, the positions of P2 peak (CH2 groups on fluorinated chains), P4 
groups (CF2 groups) and FIs peak are the nearest to that of PVdF (Table 6 ). This 
confirms that the surface contains structures related to PVdF.
In the subsequent work, all the data are presented as recorded, and have not been 
corrected for electrostatic charging. In making use of the XPS data, it is the peak 
separations of the Cls peak components which are important (Section 7.2.1.1) because 
they correspond to the different chemical environments of the carbon atoms of the 
fluorinated layer.
7.2.1.4 Oxygen at the Surface.
XPS survey spectra reveal the presence of oxygen at the surface which was not present 
before the fluorination. The oxygen may originate from residue in the system despite 
the use of oxygen free nitrogen in the purge prior to and after the reaction. As seen in 
the literature survey, polymer fluorination is a free-radical process. The oxidation may 
occur due to the presence of radical species remaining on the surface of the sample at 
the end of the reaction, which react when the reactor is opened to the atmosphere. 
RBS results showed that the oxygen remains at the surface and does not diffuse into 
the polyethylene (Figures 5.3 to 5.6 in Chapter 5). The peak areas do not increase with
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time, therefore the concentration remains constant with time because. Table 7.3 gives 
the XPS quantification of the elements present at the surface of fluorinated samples. 
These calculations show that the amount of oxygen is independent of the time and the 
temperature of reaction, and is on average equal to 6.5% up to 50°C. After this 
temperature, the oxygen concentration becomes more variable, probably due to the 
fact that some specimens were not allowed to cool sufficiently before the reactor was 
opened to atmosphere, leading to a quicker reaction of the oxygen on the surface. 
These results emphasise the fact that the surface oxidation is a process independent of 
the fluorination reaction. Carbon-oxygen component could not be detected in the high 
resolution Cls spectra because the peak would be small and swamped by the fluorine 
functionalities. Table 7.3 reveals also that the F/C ratio is the same whether the amount 
of oxygen is taken account or not in the quantification. This is why, in Section 7.2 .1.2 
and in the subsequent work, the respective concentration of fluorine and carbon will be 
used without taking the oxygen into account.
§1 (°C) Time (min) C F O F/C C F F/C
25°C 5 52.5 41.2 6.3 0.8 56.5 43.5 0.8
25°C 30 51.7 41.4 6.9 0.8 55.6 44.4 0.8
25°C 60 49.3 44.4 6.3 0.9 52.6 47.4 0.9
50°C 5 51.8 41.4 6.8 0.8 55.6 44.4 0.8
50°C 30 48.2 45.2 6.6 0.9 51.5 48.5 0.9
50°C 60 45.4 47.9 6.7 1.1 48.6 51.4 1.1
70°C 5 47.9 46.7 5.4 1.0 50.7 49.3 1.0
70°C 30 41.2 46.8 12.0 1.1 46.8 53.2 1.1
70°C 60 41.5 51.2 7.3 1.2 44.8 55.2 1.2
90°C 5 36.5 52.4 11.1 1.4 41.1 58.9 1.4
90°C 30 37.9 55.6 6.5 1.5 40.5 59.5 1.5
90°C 60 34.2 52.0 13.7 1.5 39.7 60.3 1.5
Table 7.3 : XPS quantification on the elements present at the surface of the fluorinated 
samples, under different time and temperature reactions. Quantification obtained using 
the Scofield’s cross-section..
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It has been shown that surface oxidation can not be avoided. Table 7.4 and Table 7.5 
show the XPS quantification of the elements present at the surface of commercial 
fluorinated polyethylene. The former table represents samples from Bettix (England), 
whereas, the latter one represents samples fluorinated in South-Africa specifically for 
National Power. These table show clearly the presence of oxygen at the sample 
surface, despite the claims of the latter concern that they used an oxygen free process.
Name %C i i i i i % 0
DSMHDPE 9259 34.5 61.2 4.3
DSMHDPE 90894 36.1 59.1 4.8
DSMHDPE 9089 46.3 43.9 9.8
Table 7.4 : XPS quantification of the elements present at the surface of a commercial 
fluorinated polyethylene produced by Bettix.
Sample l l l l l l l % F VoQ
A, Lab treated 45.3 51.3 3.4
A, Plant treated 44.7 48.9 6.4
B, Lab treated 49.1 47.8 3.1
B, Plant treated 44.4 50.5 5.1
Table 7.5 : XPS quantification of the elements present at the surface of a commercial 
fluorinated polyethylene produced in South-Africa.
7.2.1.5 Extented Exposure Time Effects on F-HDPE Samples under 
the X-Ray Beam
In order to establish the stability of F-HDPE during XPS, six consecutive spectra were 
recorded on the same sample, the duration of each acquisition being approximately 
45 minutes. The superposition of the high resolution Cls and FIs spectra are shown 
respectively in Figure 7.11 and Figure 7.12. CH2 groups intensities increase as the CF2 
ones decrease. This indicates the surface was undergoing mild defluorination during 
extended X-ray exposure.
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Figure 7.11 Overlap of the high resolution Cls spectra of a sample recorded 
consecutively six times.
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Figure 7.12 : Overlap of the high resolution FIs spectra of a sample recorded 
consecutively six times.
This degradation study on the surface of F-HDPE is valid for the ESC A SCIENTA 
300 instrument but not necessary for the ESCALAB Mkll one. In the case of the latter 
instrument, a non-monochromated source is used and therefore the Bremsstrahlung is 
not removed which may cause a different degree of surface degradation. However, it 
has been seen in Chapter 6 that provided the optimum conditions were used, 
insignificant surface degradation was occurring, even after three consecutive analysis.
7.2.1.6 Homogeneity of the Surface Examined by XPS
On a sample fluorinated for 2 hours using a 10% F2/N2 mixture (set 1), XPS analyses
have been acquired in the ESCALAB Mkll from different areas and the surface 
concentrations determined. It is found that the surface composition remains constant.
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Without taking account of the oxygen contamination, the atomic percentage of carbon 
and fluorine is 50% as shown in Figure 7.13. Moreover, the main component is Peak 3 
which corresponds to the component CFH.
10A 10%F2/N2 2Hrs TOA 45°
C, F % ATOMIC WITHOUT TAKING ACOUNT OF O CONTAMINATION
% Fluorine
% CarbonArea 3
Calculated value
Figure 7.13 : Surface homogeneity of a fluorinated sample (2 hours, 10% F2/N2).
7.2.2 Evolution of the Surface Chemistry as a Function of 
Time
7.2.2.1 Evolution of the Surface Chemistry at Room Temperature
Sample sets 2 and 3 have been produced at room temperature, set 2 having reaction
times of 10 min, 25 min, 4 hours and 5 hours, and set 3, reaction times of 30 sec, 
1 min, 2 min, 11 min, 15 min, 20 min, 60 min and 100 min.
The overlap of the high resolution Cls spectra and normalised to the CFH groups, 
obtained on the ESC A 300 spectrometer is shown in Figure 7.14 for set 2 reaction 
times and in Figure 7.16, for set 3 reaction times. CH2 group intensities decrease while 
those for the CF2 and CF3 groups increase. This confirms the substitution of hydrogen
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atoms by fluorine atoms. The growth of the CF3 components suggests that chain 
scissions are increasing and therefore the surface is becoming damaged.
CF;
CFH
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Figure 7.14 : Overlap of the high resolution Cls spectra of samples of set 2 and 
normalised to the CFH groups, obtained on the ESC A 300 spectrometer. Note that the 
binding energy scale increases from right to left.
The comparison of the percentage area of each fitted component of Cls as a function 
of time is represented in Figure 7.15. Here again, one can notice the percentage areas 
of the CH2 groups decrease while the ones of the CF2 and CF3 groups increase.
B 10 min 
B2S min 
□ 240 min 
B 300 min
Figure 7.15 : Percentage area of each fitted component of the Cls as a function of 
time. Results obtained with the ESCA 300. Peak 1 signification comes from Figure 
7.1.
205
Chapter 7: The Surface Chemistry o f Fluorinated High Polyethylene
Although all the Cls spectra in this work have been peak-fitted, to provide the relative 
intensity, data for Figure 7.15, they are shown as a montage, in the “as-recorded” form 
in Figure 7.14 to allow easy comparison by eye.
Figure 7.16 shows the presence of CF2 groups at even short reaction time (30 sec). 
This indicates that at even at the early stage of the reactions, there are some methylene 
groups which are totally fluorinated. This may correspond to the fluorination of the 
amorphous phase present in the polymer (about 20%). Indeed, as seen in Chapter 5, 
the fluorine diffuses in the amorphous phase of the polyethylene. At the early stage of 
the reaction, the fluorine species may diffuse only in this amorphous phase, leading to 
the complete conversion of some of the repeat units.
10A 1QO/o F 2/N 2
2000
1 5 0 0
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Figure 7.16 : Overlap of the high resolution Cls spectra of samples of set 1. and 
normalised to the CFH groups, obtained on the ESC A 300 spectrometer.
Figure 7.17 presents a plot of the concentration of CH2, CFH and CF2 components 
derived from the high resolution Cls spectra, as a function of fluorination time. CH2 
groups considered in this figure are those adjacent to CFn groups and are labelled 
CH2 (Fluo). At t = 0, it is obvious that the concentration of CFX component is equal 
to 0 since no fluorination has occurred. However, the CFH component approaches its 
maximum value (45% of the total area of the Cls peak) in the very early stage of the 
reaction (30 sec), and then levels off until 20 to 30 minutes of reaction and starts
206
Chapter 7: The Surface Chemistry o f Fluorinated High Polyethylene
decreasing gently. The amount of the CF2 component also increases very quickly at the 
early stage of fluorination but less rapidly than the CFH component. Nevertheless, 
after about 20 to 30 minutes of fluorination, the reaction rate slows down. The 
behaviour of CH2 compound is the opposite. At t = 0, the percentage of CH2 is equal 
to 100, but by 30 seconds, it has dropped to less than 25%. For the next 20 to 30 
minutes of fluorination, it decreases very slowly. These observations provides further 
evidence that the fluorination process happens in two stages. Firstly, an instant 
fluorination occurs at the surface with the formation of all the types of fluorine- 
containing species, the most rapid being the formation of CFH groups. The second 
stage of the fluorination is much slower and consists in the further reaction of CFH 
groups. The first step of the reaction occurs during a period of time which is equivalent 
to the induction period described in Chapter 5 where the material structure changes in 
order to allow the fluorine diffusion. At the end of this period, the overall fluorine 
concentration is equal to about 50% (Figure 5.3.7).
As far as the chemistry of the fluorination is concerned, the induction period may 
correspond to the formation of a surface layer (conveniently described as a ‘latent 
zone’) which acts as a fluorine reservoir for further reaction and is the boundary 
between the unfluorinated and the fluorinated part of the polymer. Fluorine arrives at 
the surface, reacts with the polyethylene backbone to form -CFH- bonds as described 
before. As more fluorine atoms arrive, more substitutions occur, and during this time 
the depth of fluorination remains constant. When one hydrogen atom has been replaced 
by one fluorine atom in most of the polyethylene backbone, the atomic concentration 
of fluorine and carbon species will be 50% (Figure 5.3.7). The latent zone becomes, 
therefore, “saturated in fluorine” and the edge of the fluorine layer starts its 
progression into the bulk HDPE. This concentration of fluorine corresponds to the 
critical concentration, already observed and described in Chapter 5, which is a 
requirement for Case II diffusion, in order to allow the formation of a moving front. As 
the front moves, a new boundary between the unfluorinated and fluorinated part is 
formed deeper in the polymer and the phenomena described above happen again in this 
boundary or latent zone.
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Figure 7.17 : Concentration of CH2, CFH and CF2 components of the carbon Cl line 
spectra, as a function of time. CH2 groups considered in this figure are those adjacent 
to CFn groups and are labelled CH2 (Fluo). (Total Cls peak area = 100%).
The CF3 component rapidly progresses to a maximum, then levels off after about 
50 minutes of fluorination as shown in Figure 7.17. This indicates that the material 
undergoes its maximum damage during the induction period and the fluorine diffusion 
will not cause further structure degradation.
10% F2/N2 Room Temperature
4.5 ♦ CF3
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Figure 7.18 : Concentration of CF3 component of the carbon Cl line spectra, as a 
function of time.
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The depth and the structure of the latent zone may be determined by the rate of 
penetration of the fluorine atoms in the sample. Therefore, it may vary with the 
parameters which control this rate such as the temperature of reaction. This is the 
subject of the next paragraph.
7.2.2.2 Effect of Temperature on the Fluorination Reaction
The surface structures of the fluorinated layers versus time have been determined by
two different methods, one using the results from RBS (Figure 7.19), the other with 
results from XPS (Figure 7.20), at 25°C, 50°C, 70°C and 90°C. The values of the 
fluorine concentration given in Figure 7.20, are different from those given on Figure 
7.19 because in the latter, hydrogen is not taken into account in the percentage because 
it is not possible to determine the hydrogen atoms with XPS. Both Figures reveal the 
existence of a limiting structure of the fluorinated layer different for each temperature. 
Nevertheless, both methods give the same limiting values for the same temperature. 
From these graphs, it can be also observed that, the higher the reaction temperature is, 
the more fluorine the limiting structure contains and the faster the limiting structure is 
achieved. At room temperature, the limiting structure is C2F2H2, as already indicated. 
At 50°C, the same limit is reached but in half the time. At 70°C and 90°C, the limiting 
values are respectively C4F5H3 and C2F3H. These results suggest that PTFE structure 
(C2F4) may be obtained at a reaction temperature in excess of 90°C. Surface damage 
may however, become excessive at these temperatures.
The slower approach to the limiting structure in the RBS results (Figure 7.19) 
compared to the XPS ones, is a direct consequence of the larger analysis depth in 
RBS.
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Results obtained from RBS analyses
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Figure 7.19 : Variation of fluorine concentration (At.%) as a function of time, at 
different temperature; results obtained from RBS.
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Figure 7.20 : Variation of the fluorine concentration(At.%) as a function of time, at 
different temperature; results obtained from XPS. * fluorine concentration has been 
calculated ignoring the small oxygen component.
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The XPS measurement described above provided analytical information averaged over 
a wide area of the surface, typically about 10 mm2 for the ESCALAB Mkll and 6 mm2 
for the ESCA 300. For a more detailed analysis of possible spatial variations in the 
fluorination reaction, it is necessary to use SIMS technique.
7.3. SIMS Analysis of Fluorinated HDPE
7.3.1 Surface Heterogeneity
7.3.1.1 Differences in Intensities
For each sample, surface heterogeneity was investigated by recording analysis from an 
area of 0.4 mm x 0.4 mm and then repeating the analysis on a different area of the 
sample at least 1 mm distant from the previous region. For adjacent areas, there could 
be wide variations in the secondary ion spectrum, regardless of the experimental 
conditions of temperature and time of fluorination, as shown in Figure 7.21 to Figure 
7.23. Some spectra exhibited low counts in low masses and high counts in higher 
masses and vice versa. In the example in Figure 7.24 with a sample fluorinated at room 
temperature for 2 min, both type of spectra are represented on the same graph. Most 
of the counts shown cover a range of mass to 100-150 m/z as there is little information 
at higher mass.
The discrepancy in the spectra is particularly evident at mass 12. Indeed the value of 
the intensity corresponding to the emission of this elemental ion varies from few 
thousands to several tens of thousands on adjacent areas of the same sample. This 
variability in the spectra suggest that different areas of the surface undergo different 
degrees of fragmentation, the higher the mass 12 intensity, the greater the formation of 
smaller mass species.
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Figure 7.21 : Normalised SIMS spectra of a sample fluorinated at room temperature 
for 5 min, a) and b) area A and c) and d) area B.
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Figure 7.22 : Normalised SIMS spectra of a sample fluorinated at 50°C for 60 min, a) 
and b) area A and c) and d) area B.
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Figure 7.23 : Normalised SIMS spectra of a sample fluorinated at 90°C for 30 min, a)
and b) area A and c) and d) area B.
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Figure 7.24 : Stacked bars of spectra of two adjacent areas of the same sample 
fluorinated for 2 minutes, at room temperature, but exhibiting two extreme behaviours.
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7.3.1.2 Instrumental and Beam Effects
It is necessary to ensure that deficiencies of the technique are not responsible for the 
spectra variation. Possible area variations of the raw material (HDPE) have been 
investigated, by analysing three separate areas of the same sample. The spectra 
obtained, (Figure 7.25) are in excellent agreement. There is no evidence of lateral 
variation in the compound.
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Figure 7.25 : Normalised HDPE spectra of different areas of the same sample
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All analyses were performed under static SIMS conditions (<1013 ions cm'2 analysis1) 
where beam damage is regarded as minimal. Nevertheless, further checks on a typical 
fluoropolymer have been made by carrying out several consecutive analyses on the 
same area of PVdF. The spectra given in Figure 7.26 show that the secondary ion 
intensities as recorded decrease as the number of consecutive analyses increase. The 
normalisation routine described in Section 3.2.4.4 brings the counts back to the same 
level and therefore corrects for these variations. These results indicate that the beam 
does not chemically damage the surface but may physically affect it. The geometry of 
the surface could be altered in the bombarded area so that the analysis angle becomes 
less favourable, and therefore the counts drop. Another explanation is that the surface 
charge builds up with successive analyses and the electron flood gun fails to adequately 
neutralise the charge.
5000- i
g 4000-5
g 3000-
Consecutive Analysis Nutriber
H Mass 27 (C2H3+)
B Mass 31 (CF+-)
□  Mass 64(C2H2F2+)
Consecutive Analysis Number
Figure 7.26 : Effect of ion bombardment on PVdF, a) Secondary ion intensity as 
recorded, b) Normalised secondary ion intensity.
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In order to optimise count rate, the aperture (iris) which compensates for aberration in 
the analyser, was adjusted for each analysis. (A wider iris aperture gives greater 
sensitivity but lower resolution). A study of the effects of the iris on the analysis was 
carried out and the spectra are presented in Figure 7. 27. As expected, the number of 
the counts in the analysis increases as the aperture is opened (Figure 7. 27-a). The 
normalisation routine, described in Chapter 3, compensates for any variations in 
intensity introduced by aperture adjustments (Figure 7. 27-b).
Fraction of Iris Open
Fraction of Iris Open
Figure 7. 27 : Effect of Iris Setting on PVdF analysis, a) Secondary ion intensity as 
recorded, b) Normalised secondary ion intensity. The fragments are : 27C2H3+, 
31CF+,64C2H3F2+.
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Moreover, if the surface was damaged by the ion beam during the analysis, the damage 
should be uniform over the irradiated area, which was not the case. The variations in 
SIMS spectra from adjacent areas of the same surface reflects a real heterogeneity in 
surface composition and indicates that fluorination is not homogeneous. This is 
perhaps due to difference in the crystallinity of the surface which have received a 
different fluorine uptake.
Any area selected for analysis could be either highly fluorinated, lightly fluorinated or 
something in between as shown in Figure 7.28. This is probably the reason why the 
distribution across the spectra diverges so much. The regions with high and low high 
and low mass 12 counts may represent areas respectively of very high and very low 
fluorine uptake. Spectra between these extremes may represent regions which are 
somewhere in between the two extreme fluorine uptakes and the counts may be in fact 
an average of the two signals coming from the two different areas. The amount of the 
two areas covered by the beam will determine the intensities in the spectrum.
Fluorinated area 
(Amorphous area)
Beam foot print
Less fluorinated area 
(Crystalline area)
Figure 7.28 : Schematic of the patchy surface of the F-HDPE with different
possibilities for the beam to strike the surface (not to scale).
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7.3.1.3 Study of the Surface Homogeneity of the Standard 
Fluoropolymers
Analyses of different areas on the surface of all the fluoropolymer standard samples 
have been performed in order to observe whether or not these surfaces demonstrate 
lateral variation effects. Figure 7.29 shows intensities of selected secondary ions 
coming from two different areas. The PTFE surface is homogenous since the 
intensities are the same in both areas. It has been seen also in that the surface of HDPE 
is homogeneous too (Figure 7.25). The intensities arising from PVF, PVdF, FEP, PFA 
and ETFE are different, however in area 1 and 2. The uniform behaviour of HDPE and 
PTFE could arise because they have a low surface free energy and therefore have 
probably less surface contamination on their surface.
ETFE has a PVdF-like structure since its repeat unit is (CH2)m-(CF2)n. It is therefore 
expected that its surface may show lateral variation effects in a similar way to the 
PVdF. The FEP and PFA structure is very similar to that of PTFE. The XPS analyses 
give identical high resolution Cls spectra (Section 5.3.2). The only difference in the 
FEP and PFA is the presence of side chains, i.e. fluorocarbon and oxifluorocarbon 
groups respectively. The divergence in intensities in the two different areas may signify 
that the branches are attached randomly to the main backbone, leading to the 
possibility of lateral variation effects and therefore to a different intensity pattern.
These results suggest that lateral heterogeneity in the surfaces of commercial 
fluoropolymers may be more common than has previously been realised.
218
Chapter 7: The Surface Chemistry o f  Fluorinated High Polyethylene
35000
30000-
I  25000
20000 -
15000-
PVdF
Area
70000
S  Mass 12 
H Mass 31 
□  Mass 69
50000
40000-
30000-
a 2 0 0 0 0 -
PFA Area 1
Figure 7.29 : Study of the patch effects on different standard fluoropolymer samples, 
a) on PVF, PVdF, PTFE and ETFE; b) on FEP and PFA. The fragments are : 27C2H3+,
31c f +,64c 2h 3f 2+.
7.3.1.4 Total Fluorine Uptake
As there is no particular change in the spectra as a function of time or temperature as 
shown in Figure 7.21 to Figure 7.23, one can conclude that the outermost layer is 
saturated in fluorine. All the sites which could receive fluorine atoms, are fluorinated 
probably at the very early stages of the fluorination process, and this is confirmed in 
the negative mass spectra where the mass 19 (F') intensity is reasonably independent of 
the fluorination conditions as shown in Figure 7. 30.
219
Chapter 7: The Surface Chemistry o f Fluorinated High Polyethylene
100000-f
90000-
«  80000-
60000-
50000-
<» 40000-
30000-
2 0 0 0 0 -
1 0000 -
Figure 7. 30 : Normalised 19F' intensities of samples fluorinated under different 
experimental conditions (10A, 10% F2/N2).
7.3.2 Fluorination Mechanisms and Surface Structure 
Revealed by SIMS.
7.3.2.1 A Protocol for the Treatment of F-HDPE SIMS Data.
The usual protocol of SIMS at the University of Surrey is that at least three different
areas of each sample are analysed. The normalised counts are then averaged. This 
protocol is satisfactory, provided the surface is sufficiently homogeneous so that the 
normalised counts are similar to each other for a given mass. In this study, it is not the 
case and a redefined protocol of averaging has to be carefully established in order to be 
able to study the development of the fluorinated surface in a systematic way. Because 
the divergence in counts happens to be greatest at mass 12 (up to a factor of 30), the 
following graph has been plotted for each temperature (Figure 7.31). The intensity of 
ions covering the range of masses which are studied (i.e. 5 to about 100 m/z), has been 
plotted against the increasing number of mass 12 counts. The ranking order obtained in 
this way does not systematically follow the order of the experimental conditions as it is 
shown in Table 7.6. The number of counts of the selected ions appears to be relatively 
constant up to mass 12 counts equal to about 55 000. After this value, the number 
starts to decrease. This phenomenon is observed at all temperatures. This means that
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the spectra of a given sample, whose mass 12 counts are lower than 55 000 may 
represent areas which are chemically similar and therefore can be averaged. Above 
55 000 mass 12 counts the variability of intensities prevents consistent surface 
information being obtained. As a consequence, the averaged spectra are representative 
of the mean of the surface structure and hence should be in good agreement with the 
XPS results which give also the integrated composition of the surface.
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Figure 7.31 : Intensities of ions covering the range of masses which are studied (i.e. 0 
to about 100 m/z), against the increasing number of mass 12, at a) 25°C, b) 50°C, c) 
70°C and d) 90°C
25°C Counts 2830 3282 3579 3757 8376 12938 21556 39464 41424
Time
<mm)
30 5 60 30 60 30 5 5 60
50°C Counts 3765 4785 5273 18541 20789 31440 40102 49129 50406 68827 69758 81585 85214
Time
(nun)
5 5 30 5 30 30 5 60 30 60 5 60 30
70°C Counts 6081 42018 53528 64388 68062 72565 73190 84749
Time
<mm)
33 5 60 5 60 60 33 5
90°C Counts 3894 6806 8104 36659 43240 79072 81822 86353
Time
(nun)
30 30 5 60 60 5 30 5
Table 7.6 : Ranking of mass 12 counts in order of intensity, with the experimental 
conditions. These values have been used in the plot of the graphs in Figure 7.31.
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13 .2.2 Limiting Composition
Following the above procedure, the limiting surface composition has been 
characterised for each reaction temperature as follows. The intensity of mass 31 (CF+) 
of the standard commercial fluoropolymers has been plotted against the fluorine 
concentration (weight %) of these fluoropolymers. The concentration (weight %) of 
the different commercial fluoropolymers used in the plot are summarised in Table 7. 7. 
Then the fluorine concentration (weight %) in the polyethylene fluorinated at different 
temperature and for 60 min has been determined graphically by plotting the intensity of 
mass 31 of these samples (Figure 7. 32). Mass 31 has been chosen because it can only 
correspond to a fluorine containing fragment and not to a polyethylene one. It is 
moreover the smallest fluorinated fragment and is not specific to any type of 
fluorinated structure. Therefore it is a way of measuring the degree of fluorination. 
Mass 31 intensities of samples fluorinated for 60 min have been chosen because this 
time is well after the induction period at any temperature and therefore, the surface has 
reached a constant fluorine concentration as seen in chapter 5. Table 7.8 gives the 
values of the surface composition determined by the method explained above and the 
comparison with those found using XPS and RBS. The two set of data are in very 
good agreement. This confirms the fact that the use of averaged SIMS data gives 
information on the average surface composition as it is in the case in XPS.
Name Formula Fluorine concentration ,x (Weight %)
HDPE -(CH2-CH2)- 0
PVF -(CFH-CH2)- 41
PVdF -(CF2-CH2)- 59
PTFE -(CF2-CF2)- 76
Table 7. 7 : Fluorine weigh percentage of commercial fluoropolymers.
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Figure 7. 32 : Limiting composition of the surface layer at different temperature, after
fluorination for 60 min in 10% F2/N2 mixture; results obtained from SIMS.
T F concentration (wt%), 
from SIMS
F mean concentration (wt%), 
from XPS and RBS
25°C 60% 59%
50°C 62% 59%
70°C 64% 65%
90°C 66% 69%
Table 7.8 : Comparison between the surface compositions determined from SIMS, 
with those determined from XPS and RBS.
7.3.2.3 Evolution of the Surface as a Function of Time and at Room 
Temperature
The intensities of five characteristic fragments have been plotted against the 
fluorination time. These fragments are the sequence of polymer repeat units 
corresponding to the increase of the number of fluorine atom per unit. The structure
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and the mass of these repeat units are summarised in Table 7.9. Figure 7.33 represents 
the plot for set 2 reaction times. The intensity of 28C2H4+ decreases markedly (by half), 
within the first minutes of reaction and then undergoes a much slower decay. This 
behaviour has been already observed in XPS with the CH 2(F1uo) component described 
in Section 7.2.2.1.1. The counts are high even at longer reaction times. This means that 
there are always hydrocarbon species on the surface. They can only be chemically 
bound to it because any species weakly bonded to it such as residual H2 remaining 
from the fluorination reaction, would have been pumped away in the UHV chamber. 
This observation reveals therefore that there are some sites on the surface which did 
not get fluorinated and is again in good agreement with the XPS results where it has 
been found that the surface composition limit of the sample fluorinated at room 
temperature is C2F2H2. Masses 46, 64, 82 and 100 correspond to fluorinated fragments 
(Table 7.9). Their intensities increase very quickly at the early stage of the reactions 
and then decreases. Masses 46, 64 and 82 then show a much smaller change with 
fluorination time. These even mass peaks have been shown to be characteristic of 
simple repeat units of the fluorine containing polymers as discussed in Chapter 6 .
Mass Structure Number of Fluorine Atom
28 -(CH2-CH2)- 0
46 -(CH2-CF)- 1
64 -(CH2-CF2)-, -(CFH-CFH)- 2
82 -(CF2-CF)- 3
100 -(c2-f2)- 4
Table 7.9 : Characteristic mass fragments used for the plot of Figure 7.33.
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Figure 7.33 : Plot of the intensities of characteristic secondary ions obtained with 
SIMS, against the fluorination time (set 2 reaction times).
The intensities of the characteristic secondary ions mentioned above have been plotted 
for short reaction interval times, in order to understand better their behaviour at the 
early stage of the reaction (set 2). the graph is presented in Figure 7.34. As before, the 
intensity of mass 64 (-CFH-CFFT-) increases most rapidly compared to the other 
fluorine contained fragments. Another ion which is initially increasing is -(CH2-CFET)- 
. These two ions correspond to the conversion of one CH2 to CFH group (mass 46) 
and two CH2 groups into CFH groups (mass 64) respectively. The -(CF2-CFH)+- 
fragment (mass 82) has its intensity increasing less rapidly than the two previous ones. 
This is due to the difficulty of the substitution of the second hydrogen on the same 
carbon. The difficulty of the second substitution is also seen with the intensity of mass 
100 : this mass has 2 CF2 groups and it is the mass which increases least. It is 
interesting also to note that all the intensities of the fluorinated fragments increase 
during the first minute of the reaction, then decrease before levelling off after 2 
minutes. The intensity of mass 28C2H4+ has a contrary behaviour. It decreases up to 1 
minute, then increases before levelling off after 2 minutes. These phenomena can be 
explained as follows. All the sites available for fluorination at the outermost layer 
corresponding to the amorphous part of HDPE, are instantaneously fluorinated as the 
first fluorine atoms reach the surface. The outermost layer becomes saturated in 
fluorine and creates, therefore, sites available for fluorination below the surface. As the
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fluorine attack continues, the intermodular forces between the chains are overcome 
which then separate, allowing the fluorine diffuse into the polymer. As a consequence, 
the number density of surface sites per unit area decreases, leading respectively to the 
decrease of the intensities of fluorinated fragments and the increase of the one non- 
fluorination. Once the structure has been sufficiently deformed to allow fluorine to 
diffusion through the polymer, the counts become constant corresponding to the signal 
coming from the outermost layer, which layer is saturated in fluorine, this is why the 
counts are constant. On the SIMS scale, everything happens within the first two 
minutes of reaction and the induction period can not be detected and therefore studied.
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- •-M a s s  100 (CF2-CF2+)
1600
1400
*3 1200 
o
£ 1000
•ec
§ 800
600
400
200
Fluorination Time (min)
Figure 7.34 : Plot of the intensities of characteristic secondary ions obtained with 
SIMS, against the fluorination time (set 3 reaction times).
Figure 7.3 5-a represents the plot of intensities corresponding only to fragments of the 
polyethylene unit, as a variation of time (0-120 min). The counts have the same 
behaviour as the ones for mass 28 : a rapid decrease at the early stages of the reaction, 
following by an increase before levelling off (Figure 7.3 5-b). Figure 7.36 represents the 
plot of intensities corresponding only to fluorinated fragments. They have the same 
behaviour as the one for the other fluorinated fragments studied above which is the 
contrary to the behaviour of the hydrocarbon fragments.
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Figure 7.35 : Plot of intensities corresponding only to fragments of polyethylene, as a 
variation of time, a) between 0 and 120 min, b) between 0 and 20 min
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Figure 7.36 : Plot of intensities corresponding only to fluorinated fragments, as a 
variation of time, a) between 0 and 120 min, b) between 0 and 20 min
Thus, the SIMS results are broadly in agreement with the XPS observations but have 
additionally shown considerable complexity in the chemical structure of the fluorinated 
surface on a microscopic scale.
This section now completes the understanding of the surface chemistry of HDPE 
fluorination. It is now necessary to bring the kinetics of diffusion and the chemistry 
together to establish the mechanisms of the fluorination process which is discussed in 
the next chapter.
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Reaction Mechanisms and Conclusions
8.1. The mechanisms of the polyethylene fluorination
In Chapter 5 and 7, the kinetics of diffusion and the chemical reactions of fluorine on 
the surface of HDPE have been studied. It has been demonstrated for the first time that 
the diffusion of fluorine in HDPE follows Case II diffusion behaviour, characterised by 
the existence of an induction period preceding the Fickian diffusion of the moving 
front. The published work on fluorination of HDPE has reported insufficiently detailed 
studies of the early stages of the fluorination process (Section 2.3.3). Hara et al [86] 
noticed some deviations in results at room temperature. They interpreted these 
deviations as thermocouple errors arising because of the over-heating of the 
polyethylene surface as a consequence of the heat of the reaction. They observed also a 
phenomenon at the early stage of the reaction, which they called a “transient step” and 
described it as being controlled by the supply of fluorine from the gas phase to the 
polyethylene surface. This “transient step” may be connected with the induction period, 
but the rate of supply of fluorine is not controlling in this present work.
8.1.1 The limiting factors of the reaction
The gas phase fluorination of HDPE is a process involving a three step mechanism, 
which can be summarised as follows :
1) There is a physical process where a destruction of the structure of the polyethylene, 
occurs in a zone referred to as a latent zone. In Case II systems, this distortion is 
regarded as a swelling process and does not imply, a loss of crystallinity. Here, 
fluorine does not cause a free volume swelling but a transient melting of the 
polymer. Polymer swelling occurs in Case II diffusion by diffusing species which do
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not react with the backbone. The polymer structure comes back to its original shape 
after the species has diffused. In the case of fluorine diffusion, reaction occurs and 
the structure does not return to its original shape.
2) The chemical reaction where the substitution of the hydrogen atoms by the fluorine 
atoms occurs, with possible chain scissions,
3) The diffusion of the fluorine species through the fluorinated layer to increase the 
depth of fluorination
At the early stage of the reaction, the latent zone is at the surface of the sample. 
Fluorine diffusion is negligible and the limiting step of the reaction is the process of 
structure breakdown (Figure 8.1). The chemical reaction takes place also in the latent 
zone until some critical fluorine concentration is reached. As the fluorination proceeds 
further, the fluorinated layer becomes thicker and thicker. The latent zone which is the 
boundary between the unfluorinated and fluorinated parts of the polyethylene, is 
present deeper in the polymer. The polymer transient melting step ceases to be the 
controlling step because the fluorine has to diffuse throughout the fluorinated layer. As 
a consequence, the fluorine diffusion becomes the rate controlling step which is 
determined by the rate of supply of fluorine to the latent zone.
take place
Latent zone (0.05 pm thick at T=25°C), 
where the chemical reactions 
Polymer Surface
Fluorine >>
>
1 t short (<20 min at T=25°C) Untreated polymer fluorination process limited 
by the structure break down
Fluorinated layer Latent zone
Fluorine
Fluorine diffusing
Untreated polymer ^  ^  diffusion throughout
t long (>20 min at T=25*C) 
fluorination process limited
die fluorinated layer
Figure 8.1: The controlling steps o f the fluorination process.
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8.1.2 Chemical Reaction Processes
It has been seen that the polyethylene fluorination follows a two step chemical 
reaction. The first step corresponds to the spontaneous substitution of one of the two 
hydrogen atoms on the carbon skeleton by a fluorine atom. Some areas of the 
backbone can also be spontaneously and completely converted into PTFE. This is 
probably due to the presence of the initial 20% amorphous domain in the material 
corresponding to the carbon sites that are the most easily accessible to fluorination. In 
the second step occurs the substitution of the second hydrogen. These two steps take 
place during the induction period and in the latent zone. Figure 8.2 gives the equation 
of this two step reaction.
k = f(ki, k2)
ki k2
(CH2)n -----------------► (CFH)n-----------------►CnFmH0
+ F2 -HF +F2, -HF
where m + o = 2n
Figure 8.2 : Two step of chemical reaction of the polyethylene fluorination
The degree of substitution in the second step reaches a limit equivalent to a CnFmH0 
structure. Table 8.1 gives the limiting structures at various reaction temperatures.
Reaction Temperature Limiting Composition
25°C C2F2H2
50°C c2f2h2
70°C C4F5H3
90°C c2f3h
Table 8.1 : Limiting compositions at various reaction temperatures
The results from SIMS, XPS and RBS agree on the value of n, m and o which are 
given in Table 8.1. This limiting structure corresponds to the critical fluorine 
concentration that the fluorinated layer has to reach in the latent zone before the 
diffusion front can advance. It appears that once the limiting structure is reached, no
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more conversion can occur within the backbone. This has been observed in both the 
XPS and the SIMS data which have shown that hydrocarbon species are always 
present at the surface, even at the highest temperature or greatest fluorination time. 
This may indicate that the crystallinity is never completely destroyed.
Nevertheless, because the total conversion of the sample has not been observed, it does 
not mean it can not be achieved. The total conversion depends on the thickness and the 
shape of the polyethylene samples, at a given temperature. Indeed, it has been reported 
that polyethylene films of 2 pm thick [86] and polyethylene granules have been 
successfully converted into PTFE. The samples used in this work were 1 mm thick. 
The fluorination was occurring on both sides but the fronts never met. As the 
fluorination fronts were advancing, there were always CH2 sites available and the 
CnFmHo structure was formed. As the CH2 sites were consumed, the fronts were 
advancing further into the sample. If the fronts advancing from opposite surfaces had 
met, there would have no more CH2 sites available and the fluorine would have start to 
react with the other sites leading eventually to the complete conversion.
Fluorinated layer
Advancing fronts
Po
U ntreated  
part
ymer thickness
The fronts have not m et: 
no possibility o f complete 
fluorination to PTFE
All CH2 sites used, 
CFH sites ready 
for further fluorination
The fronts have m et: 
possibility o f complete 
fluorination to PTFE
hgure 8.3 : The behaviour of fluorinated fronts leading to partial conversion of HDPE 
and to the formation of PTFE.
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The parameters ki, k2 and k are respectively the rate constant of step 1, step 2 and the 
overall reaction as indicated in Figure 8.2. At room temperature, m and n have similar 
values and hence the structure of (CFH)n is similar to CnFmH0 (the final product where 
m =n = o (Figure 8.2 and Table 8.1). Therefore k2 is smaller than ki and is the rate 
controlling step. At higher temperature, ki increases but k2 increases faster because the 
ratio m/n becomes greater than 1 and the limiting structure CnFmHo is reached faster 
(Section i . 2 .2 .2 ) . The rate controlling step is therefore ki. As a consequence, k increases with 
temperature.
These results are expected because, with increasing sample temperature, the polymer 
becomes more amorphous and more CH2 sites become available for fluorination. As a 
consequence, complete conversion into PTFE may be achieved at high reaction 
temperature. Moreover, if the raw material was completely amorphous to begin with, 
complete conversion may be achieved more easily and the diffusion process may follow 
Case I diffusion (Fickian) since no induction period would be required to destroy the 
crystallinity. Therefore, at very high temperatures, the fluorine diffusion may be 
Fickian. Fluorination at very high temperature may however cause structural damage 
to the sample.
Hara et al [86] believe the fluorine diffuses in “a dissolved molecular form”. 
Nevertheless, as seen in Section 2.1.2.2, fluorine molecules have such a low 
dissociation energy due to the repulsion between the unshared electron pairs, that some 
molecules can dissociate even at room temperature. While penetrating into the 
polymer, the fluorine gas is therefore more likely to dissociate rather rapidly and the 
diffusion would proceed in an atomic (radical) form.
The fluorination of HDPE should be regarded as a “reactive swelling-diffusion 
process” where reaction and swelling occur simultaneously to form the CFH structure 
in the latent zone, followed by diffusion to complete fluorination in depth
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8.2. Experimental Conditions to Attain a Fluorinated 
Layer with Given Characteristics
From the results obtained in this work, it is possible to set the experimental conditions 
in order to produce a fluorinated layer with a given depth and concentration. Figure 
8.4 gives the area which represents the different possibilities of how a C2F2H2 structure 
can be obtained in times of 5 to 60 minutes of fluorination and in the temperature 
range of 25 to 70°C, for a given fluorinated depth. The different possibilities of 
obtaining the C2F3H structure are also given in Figure 8.4. More experiments are 
necessary in order to give a wider range of predictions.
0.9 - - Depth (5 min) 
Depth (30 min) 
Depth (60min) 50% F
C,HF,0.7 --
£  0.6 --
33% F
0.3 -*
0.2 - -
0.1 - -
100
T em perature (C )
Figure 8.4 : Prediction of the experimental conditions necessary to form a fluorinated 
layer of polyethylene with a given concentration and fluorine depth, using fluorine in 
nitrogen.
It is possible also to predict the experimental conditions for the minimum time to form 
a given structure, when the depth is not a requirement of the fluorination. Figure 8.5 
gives the relation between time and temperature of reaction necessary to obtain C2F2H2
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structure in a minimum of time. This relation happens to be linear and the linear 
regression has the following equation :
T = -0.8187t + 74.258 Equation 8.1
This relation gives a very good prediction of how the surface structure behaves under 
the different experimental conditions. As expected and observed, at 70°C it takes only 
5 minutes to obtain C2F2H2 structure, whereas, at 25°C, it takes 60 minutes. At 
T>75°C, the structure can no longer be reached (t < 0). This is in good agreement with 
the experimental results where it has been observed that at 90°C even after 5 min of 
reaction C2F3H structure was obtained. At lower temperature the structure can be 
always observable. Indeed, as it has been seen, the CFH-CFH structure is the first step 
of the reaction process. At lower temperatures the reaction will be slower and this step 
will become more apparent.
100
90 --
80 --
2
iy = -0 .8187x + 74.258; 
R2 = 0.999920 - -
10080 9060 705030 4020100
Fluorination time (min)
Figure 8.5 : Relation between time and temperature conditions necessary in order to 
obtain C2F2H2 structure, at the depth range of 0.15 pm to 0.45 pm.
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Figure 8.6 represents the plot of the degree of fluorine conversion versus the reaction 
temperature. After 50°C, the relation between these two parameters is linear. By 
making the simplified assumption that there no significant changes in the fluorination 
process and that the relation remains constant with the same gradient, at higher 
temperatures, it is then possible to extrapolate the data line and find at which 
temperature, PTFE might be formed. The linear regression gives the following 
equation :
Nf = 0.025T + 0.75 Equation 8.2
where Nf and T are respectively the number of fluorine atoms per unit area and the 
reaction temperature. Using this equation, it has been found that PTFE structure 
(Nf = 4) might be obtained at 130°C. This temperature is about 10°C below the HDPE 
melting point and may correspond to the total disappearance of the crystallites.
4.5 --
& 3.5
5y = 0 .025x +  0.75S 
R2 = 12.5 -55
1.5 - I
0.5 --
100 110 120 130 140 150
Temperature (°)
Figure 8.6 : Relation between temperature and degree of substitution of fluorine
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8.3. Conclusions and Suggestions for Future Work
During the induction period, the polymer undergoes physical and chemical 
transformations. In order to obtain more information on what happens in the early 
stages of the processes it is necessary to increase the induction period. Using a lower 
temperature will decrease the reaction time and therefore possibly increase the 
induction period. The water circulation system of the reactor may have to be modified 
in order to cool the water instead of heating it. The increase of the induction period 
may be also achieved by using a highly crystalline raw material. It has been seen that 
the induction period corresponds to the structure breakdown. It may take longer to the 
structure for break with highly crystalline starting material.
At the other extreme, using a highly amorphous raw material may decrease the 
induction period, even at room temperature. The degree of conversion may be higher 
too, which will support the hypothesis that fluorination may occur preferentially in the 
amorphous domain of the polymer. As suggested previously, using a highly amorphous 
sample might, might be interesting to check that reaction proceeds much faster if there 
is no crystalline structure to be broken.
It has been seen in Section 4.4.2 that it takes several minutes for the generator to reach 
its steady state concentration. However, XPS, RBS and especially SIMS have shown 
that the surface reacts immediately as soon as it is in contact with fluorine. The fluorine 
is present in a great excess and the few % difference in the fluorine concentration at 
the beginning of the reaction, would not make a significant difference to the 
experimental conditions (10% F2/N2 10A, flow rate of 700 cm3 min'1).
A reaction vessel can nevertheless be designed in such a way that the steady state 
concentration would be achieved nearly immediately. The reactor would be formed of 
two parts A and B separated by a gate as shown in Figure 8.7. The Volume of B 
would be very small comparing to that of A. The samples would be place in B. At the 
beginning of the reaction, the gate would be closed and the F2/N2 would enter part A.
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When the steady-state concentration would be reached in A, the gate would be 
opened. As V b < < V a ,  the difference in the concentration would be insignificant.
Sample
Part
Gate
Part A
Figure 8.7 :Concept of a new reaction vessel design, formed of two parts (A and B), 
allowing study of short reaction times.
The potential for the use of a higher partial pressure of F2to accelerate the fluorination 
process, increase the fluorinated depth or the degree of substitution will require further 
work. Considering the process occurring in direct fluorination, i.e. free radical 
substitution, chain scissions, one would expect higher partial pressure to accelerate all 
these processes. However, a completed fluorinated polymer with an intact carbon 
skeleton, may be unattainable. It would be interesting also to see if the fluorine partial 
pressure has an effect on the limiting composition of Table 8.1.
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It has been successfully established that SIMS, XPS (ESCALAB Mkll and ESCA 
300), and RBS techniques gave consistent and complementary results across their 
respective analysis depths (lnm, 5 nm and 1 pm). Moreover, the analyses performed 
with SIMS on the fluorinated specimens revealed several features have not been 
reported in the literature. These points are :
1. the importance of the normalisation routine in order to do comparative studies.
2. the necessity of analysing several different areas of the same sample. In particular, 
the surface of commercial fluoropolymers have been found to have spatial 
variations.
However, the design of the fluorination system and the analysis techniques used did 
not allow the study of the other products of the reaction i.e. the hydrogen atoms that 
have been substituted, possibly evolved as (H2 or HF). These products are probably in 
the gas phase and are not chemisorbed on the sample surface because they have not 
been detected either by SIMS or XPS. Because these techniques require UHV (ultra 
high vacuum) conditions, species weakly adsorbed on the surface would have been 
de-sorbed.
Further questions can be raised which requires more work.
• The diffusion of fluorine in the polymer has been studied extensively in this work 
and in the literature, but how does the hydrogen leave the polymer? Which diffusion 
case does it follow?
• Are there any HF molecules trapped in the free volume of the polymer and 
surrounded by fluorocarbon groups?
• An HF sensor resistant to F2 attack and with a very high sensitivity threshold should 
be designed to be placed in the reaction vessel. For example, HF could be dissolved 
in highly pure water with a pH exactly equal to 7.000. The sensor could be a pH 
meter and would respond to small pH variations, the concentrations of the acid 
would be determined by titration.
• The study of the by products of the reaction might give complementary results on 
the fluorination process.
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